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aeroaechani.es,  the  methods  of  aeroaechanical  tests  under  varied 
conditions.  Is  given  description  of  the  devices  of  different  wind 
tunnels  and  installations,  intended  for  experimental  investigations 
at  subsonic,  supersonic  and  hypersonic  speeds.  Are  set  forth  aethods 
and  are  described  instruaents  for  deteraining  the  flow  paraaeters 
during  aerodynamic  tests,  and  also  experiaental  proceedure  and 
introduction  of  corrections  to  the  results  of  experiments.  The 
considerable  place  in  the  book  occupies  the  presentation  of  the 
results  of  investigations  in  the  experiaental  determination  of  the 
aerodynaaic  wing  characteristics  of  aircraft,  rockets,  different 
bluff  bodies,  ground-based  transport  and  above-ground  structures  and 
elements  of  structures. 

The  book  is  intended  for  the  students  of  VUZ  Constitute 

of  Higher  Education],  who  study  aerohydroaechanics  and  gas  dynaaics 
and  their  application/appendix  to  different  branches  of  technology. 
It  will  be  also  useful  for  the  workers  of  design  bureaus  and 
scientific  organizations,  which  directly  conduct  experimental 
research  in  the  field  of  aeroaecha nics  or  using  results 
aeroaechanical  experiments,  and  also  for  persons r occupied  with 
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equipping  of  diffarent  aeroaechanical  installations  and  with  the 
dewelopaent  of  eqaipaent  to  thea. 

Figures  447.  Tables  21.  Bibliographies  8. 

Rev iewers : 
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departaent  of  the  aerohydrody naaics  of  LPI  ia.  Kilinin  prof.  I. 
Ta.  Fabrikant. 
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Page  3. 

Preface . 

Experimental  aeromechanics  In  contrast  to  theoretical  proceeds 
not  from  one  or  the  other  mechanical  analogs,  but  it  investigates 
the  behavior  of  bodies  under  the  actual  conditions  of  their 
interaction  with  the  fluid  flow  and  gases  and  transfers  the  results 
of  experiments  for  other  analogous  cases  with  the  aid  of  the  laws 
of  similarity. 

The  object/subject  of  its  experiments  are  physical  bases, 
experimental  methods  and  results  of  aeromechanical  investigations. 
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In  this  work  special  attention  is  devoted  to  the  examination 
high  velocities  whose  study  in  recent  years  occupies  the  increasing 
place  both  in  theoretical  ones  and  in  experimental  aeroie: hanical 
investigations.  It  the  book  are  consecutively  presented  the  physical 
properties  of  liquid  and  gases,  the  fundamental  laws  of  aovenent  of 
air  at  saall  and  high  rates  of  flow,  the  cell/eleaents  of  gas 
dynamics,  the  laws  of  the  flow  around  the  bodies  of  various  forms, 
similarity  and  simulation  in  aeromechanica  1 experiments,  methods, 
ways  and  results  of  different  aeroaechanical  measurements,  air  foil 
data,  wings,  bodies  of  revolution,  flow  in  ducts,  nozxles  and  exit 
co  ae/d if  f u se  r s . 

Pa  ge  4 . 

The  limited  size  of  the  book  will  not  make  it  possible  to 
present  some,  although  specific  questions  of  aeromechanics  as  that: 
the  characteristic  of  bodies  with  unsteady  notion,  etc.  In  all 
possible  cases  the  aeroaechanical  phenomena  and  the  processes  are 
characterized  not  only  physically,  but  are  given  also  the 
gnantitative  data,  which  make  it  possible  to  rate/estiaate  the 
specific  gravity/Veight  of  different  factors,  which  affect  the  flow 
around  diverse  bodies  of  the  flow  of  gas. 
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The  dimensional  values,  given  in  tha  book,  are  given  in  the 
■ajority  of  the  cases  in  HKGSS  system  since  aeromechaaical 
measurements  and  processing  of  their  results  are  adapted  to  the 
system  indicated.  When  dimensional  values  are  not  conaertai  directly 
with  measurements  it  is  utilized  international  system  (SI). 

For  the  facilitation  of  the  conversion  of  ones  of  one  system 
into  another  in  text,  is  given  the  table  of  the  dima nsiomlity,  which 
are  encountered  in  aeromechanics  of  physical  quantities  in  HKGSS 
system  and  international  system  (Si). 

Page  5. 

The  author  ax  presses  deep  appreciation  to  the  reviewers  Prof. 
Nicholas  Yakovlevich  Pabrikant  and  Prof.  Leo  Gerasimovich 
Loytsyanskiy , who  made  is  many  observations,  which  contributed  to  an 
improvement  in  tha  book,  V.  V.  Nazarenko  and  G.  E.  Khadyakov  - for 
the  useful  discussion  the  manuscripts,  aid  also  by  N.  A.  lironovoy 
and  G.  I.  Antonova  after  aid  ip  preparation  for  the  manuscript  for 
press/printing. 


Author 
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In  trod uction. 


Aeromechanics  is  called  the  science,  which  is  occupiad  by  the 
study  of  the  laws  of  the  uotion  of  gases  (air)  under  varied 
conditions  and  investigating  their  effect  with  the  contacted  bodies. 
In  this  narrow  sense  aeromechanics  is  the  part  of  the  hy dr  omechanics, 
i.  e. , the  uechanics  of  the  unsteady  bodies  which  can  na  subdivided 
into  three  groups: 


1)  fluid  bodies  with  high  viscosity  (glycerin); 


2)  fLuid  bodies  with  suall  ductility/toughness/viscosity  (water, 
gasoline,  mercury)  ; 


3)  gaseous  substances  (air,  nitrogen,  oxygen,  s t: . ) . 


Between  tbesa  groups  there  are  no  sharp  boundarias.  aowever,  it 
is  difficult  to  as tablish/install  the  boundary  between  solids  and 
liquids.  The  basic  difference  between  than  lies  in  tha  fact  that 
9olid  bodies  change  fora  approximately  proportional  tn  the  affecting 
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then  fores,  unsteady  - are  deforced  even  under  the  effect  how 
conveniently  of  stall  forces,  if  the  deformation  rate  is  low.  The 
forces  which  must  be  overcome  in  this  case,  are  callei  of  the  viscous 
forces. 

Liquid  and  gaseous  substances  essentially  differ  from  each  other 
in  terms  of  the  degree  of  compressibility . While  the  Liquids  exert 
extremely  high  resistance  to  a change  in  their  volume  and  because  of 
this  are  considered  in  hydromechanics  as  incompressible,  gases  are 
compressed  during  comparatively  small  changes  in  the  pressure.  On 
these  reasons  for  the  inves tigations,  connected  taking  into  account 
the  compressibility  effect  of  air  and  gases,  they  occupy  in 
aeromechanics  the  exclusively  important  place. 

The  properties  of  gases,  liquids  and  solid  bodies  are  connected 
with  their  molecular  structure.  As  is  known,  between  lolecules  there 
are  attracting  forces.  In  solid  bodies  they  are  most  significant,  and 
it  is  necessary  to  greatly  strengthen  in  order  to  overcome  them  (to 
change  fora,  but  those  more  to  divide  solid  body  on  part).  In  liquids 
these  forces  are  inch  less;  therefore  liquids  do  not  have  their  own 
fora,  they  are  flowing  and  always  is  taken  the  form  of  ths  container 
in  which  they  are  located.  In  gases  of  the  force  of  the  mutual 
attraction,  barely  they  are  exhibited  and  become  noticeabLe  only  at 
very  high  pressures  and  low  temperatures  when  the  intaraolecular 
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distances  strongly  decrease. 

Pa  ge  7 . 

At  sufficiently  low  (for  this  pressure)  temperature  the  gases  are 
converted  into  liquid  (for  example,  nitrogen  with  -191. 8®C:  oxygen 
with  - 183°C)  . 

The  basic  difference  for  gases  from  liquids  consists:  first,  in 
the  insignificance  of  cohesive  forces  between  the  molecules  of  gas, 
caused  by  the  large  distances  between  then  and  which  Leads  to  the 
fact  that  the  molecules  fly  off  in  different  directions,  and  gas  is 
spread  by  entire  given  to  it  volume,  liquid,  filled  into  container, 
is  formed  floating  surface;  in  the  second  place,  in  the  large 
intermolec ular  distances  of  gas,  which  causes  its  powerful 
compressibility  in  comparison  with  the  negligible  compressibility  of 
liquids. 

The  liquid,  leprived  of  the  viscous  forces,  is  called  ideal.  The 
examination  of  the  courses  of  ideal  fluid  makes  important  sense 
because  many  phenomena  in  aeromechanics  (in  real  liquids  and  gases) 
little  depend  on  the  viscous  forces  whose  effect  is  substantial  near 
body  surface  and  therefore  in  the  first  approximation,  they  can  be 
considered  as  the  phenomena  in  ideal  fluid.  Although  ga3es  consist  of 
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the  molecules,  between  which  there  are  interval/gaps  however  for 
convenience  in  their  theoretical  study,  they  consider  that  the 
substance  of  gas  is  continuously  distributed  in  all  volume,  i.  e. , 
that  gas  is  continuous  medium.  As  a result  of  the  smallness  of  the 
particles,  which  compose  substance,  this  representation  (simulation) 
of  gases  and  liquids  are  not  virtually  affected  the  obtained  results. 

In  1 cm3  of  air  it  is  found  at  normal  atmospheric  pressure 
2.  7«10»9  molecules  (number  of  Loschaidt).  Examining,  for  axample, 
cube  with  fin/edges  0.01  aa , we  will  o>btain  that  in  this  volume  it  is 
contained  2.7*1010  molecules.  Onder  thesa  conditions  air  can  be 
considered  continuous  aediua.  Such  position  will  not  occur  at  the 
very  low  values  of  density  (pressure),  so,  at  a pressure  of 
approximately  one  billionth  standard  atmosphere  ( 1 • 1 0~*  aa  Hg)  into 
of  1 ca3  will  be  located  2.7*  10*°  molecules,  but  in  cube  with 
fiq/edges  0.01  mm  - 27  molecules.  On  these  reasons  with  the  notion  of 
the  strongly  rarefied  gases  or  during  flights  at  very  hi^c  altitudes 
(for  example,  at  the  height/altitude  of  200  km  and  highar)  already  it 
is  not'  possible  to  consider  gas  as  continuous  aediua. 

Onder  normal  conditions  the  pressure  gas  on  barrier/obstacle 
(wall)  on  the  average  remains  tine-constant,  since  a number  of 
molecules  is  very  great,  is  also  great  and  a number  of  collisions  of 
molecules  with  wall.  For  example,  at  temperature  of  0®C  and  pressure 
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760  mm  Hg  the  velocity  of  the  motion  of  the  Molecules  of  air  is  equal 
about  450  m/s,  the  collision  frequency  per  second  of  aaoh  molecule 
with  other  or  with  wall  comprises  7.5»10*,  and  the  mean  free  path  of 
molecules  - about  one  decamillion  part  of  the  meter  (-5. 9*10“*  cm), 
tilth  a decrease  of  pressure,  which  corresponds  to  elevation  to 
height/altitude.  It  decreases  both  number  of  molecules  and  collision 
rate,  and  increases  the  average  path  of  their  mean  frae  path  which 
reach  at  the  height/altitude  of  100  Am  - 1 0 cm,  at  tha 
he ight /altitude  of  150  km  - 8 a,  but  at  the  height/altitude  of  200  km 
- more  than  thousand  meters. 


Page  8. 

At  similar  height/altitudes  separate  molecules  is  clashed  with  the 
flying  apparatus  only  one  time.  The  laws  of  the  effect  of  air  on  this 
apparatus  will  be  others,  rather  than  at  the  low  altitudes  where  the 
mean  free  path  of  molecules  is  negligible  in  comparison  with  the 
si2e/dimensions  of  the  flying  bodies. 

Thus,  aeromechanics  studies  air  circulation  and  its  interaction 
with  bodies  under  the  manifold  conditions,  characterised  by  both  the 
different  state  of  the  gas  (pressure,  temperature,  density,  etc.)and 
by  different  forms  of  bodies. 
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The  tasks,  connected  with  aeromechanics,  are  encountered  in  many 
areas  of  science  and  technology;  however,  principal  direction  is 
connected  with  the  study  of  relative  motion  of  liquid  (gas)  and  solid 
body.  Here  first  of  all  it  is  necessary  to  note  the  cases  when  the 
streamlined  bodies  are  completely  immersed  in  liquid  lircraft, 
submarines,  rockets,  etc.)  and  the  conditions,  under  which  the  liguid 
or  gas  flows  within  different  channels  (gas  pipes,  wiad  tunnels, 
ventilation  systeis,  compressors,  turbines  of  jet  engines,  etc.). 

Although  theoretical  aeromechanics  achieved  large  successes,  it 
not  always  can  be  used  for  solving  the  manifold  practical  tasks, 
advanced  by  the  development  of  technology  and  industry.  On  these 
reasons  in  aeromechanics,  intensely  are  developed  the  experimental 
methods  of  the  studies  which  actually  can  be  considered  as 
independent  important  discipline.  The  experimental  methods  of 
aeromechanics  are  utilized  not  only  for  checking  the  developed 
theory,  but  also  they  are  the  source  of  the  creation  of  more  precise 
theories  on  the  basis  of  the  phenomena  and  facts,  detected 
experiment  ally. 
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Page  til. 

Chapter  V. 

BOUNDARY  LAYER. 

§V;1.  Laminar  and  turbulent  boundary  layers. 

Until  now,  was  examined,  mainly,  the  motion  of  iieal  fluid, 
i.  e. , the  liquid,  not  having  internal  frictional  forcas.  the  forces 
of  internal  friction  or  ductility/toughness/viscosity  exist  in  all 
real  liquids  and  gases.  As  a result  of  their  effect,  all  strict 
conclusions,  made  for  an  ideal  fluid,  for  real  liquids  and  gases  are 
those  approximate!,  that  need  some  corrections  and  reCineaents.  One 
of  primary  tasks  of  aeromechanics  (in  particular,  experimental)  is 
the  determination  of  the  corrections  into  theory  whica  introduce  the 
forces  of  viscosity  of  liquids  or  gases. 

The  viscous  forces  attempt  to  inhibit  the  rapidly  driving/moving 
particles  of  liquid  and  to  accelerate  the  motion  of  slower  particles. 
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They  are  in  essence  forces  of  periphery  and  it  is  espacially  great 
where  the  liquid  flows  by  layers  with  a large  differeacs  in  the 
rates.  Ductility/toughness/viscosity  serves  as  a reason  for  the 
educat ion/fornatio n of  eddy/vortices,  very  substantially  affecting 
flow  of  liquid  or  gases.  On  the  other  hand,  the  foraed  edly/vortices 
due  to  ductility/toughness/viscosity  gradually  are  resolved. 

If  we  take  the  liquid  between  two  parallel  plates  and  to  give  to 
upper  plate  rate  u (Pig.  V.  1)  , then  observation  thay  a alte  it  possible 
to  establish/install  following: 

1)  liquid  adaeres  to  surfaces  so  that  the  particles  which 
directly  fit  closaly  to  plates,  have  ratas,  equal  to  the  rates  of 
plate;' 

2)  the  rate  of  the  liquid  between  plates  along  tie  normal  to 
them  changes  according  to  linear  law; 

3)  internal  fluid  friction  is  resisted  to  notion,  proportional 
to  the  velocity  gradient. 


I 
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Fig.  V . 1 . Flow  of  liquid  between  plates. 

Page  112. 

Analogous  experiments  show  that  during  the  flow  around  body  of 
liquid  on  very  body  surface  the  liquid  is  motionless,  it  "adheres", 
and  at  certain  small  distance  from  it,  it  acquires  already  the  rate, 
comparable  with  the  local  velocity  of  inleakage  (Fig.  Y.  1)  . This  thin 
layer,  in  which  takes  place  the  increase  of  velocity  from  zero  to  the 
local  velocity  of  flow,  is  called  boundary  layer. 

Ductility/toughness/viscosity  in  liquids  and  gases  is  the 
consequence  of  their  molecular  structure.  The  molecules  of  gases  and 
liquids  according  to  kinetic  theory  possess  the  completely  definite 
average  random  velocities,  which  depend  only  on  temperature.  In  each 
mare  rapidly  driving/noviag  layer  I (Fig.  Y.2)  molecule,  they  have, 
except  the  velocity  of  irregular  molecular  notion,  even  additional 
ordered  velocity  of  overall  forward  notion.  Thus,  the  velocity  of 

l - . - ' 
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aolecules  in  layer  I will  be  nore  than  in  layer  II.  Bith  the  nixing 
of  layers,  the  aore  rapidly  dr iving/aoving  aolecules,  falling  into 
the  slow  layer  II,  transfer  to  the  aolecules  of  this  Layer  certain 
aoaentua/inpulse/pulse  and  they  will  accelerate  thea,  and  theaselves 
to  brake.  And  vice  versa,  "slow"  aolecules,  falling  into  rapid 
layers,  will  be  brake  thea,  and  theaselves  soaewhat  arcalerated. 

Newton  assumed,  and  further  investigations  justified  this 
assuaption  that  the  forces  of  viscosity  dX,  acting  along  two  closely 
spaced  area/sites  (or  layers)  in  the  boundary  layer  of  liquid  (Pig. 
V.  3)  : 


where  - the  coefficient  of  dynamic  viscosity,  chara: terizing 
physical  properties  of  liquid; 

ds  - area; 

^ - velocity  gradient  along  the  noraal  to  body  surface. 
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Fig.  V.2.  flolecula r aotion  as  the  reason  for 
ductil it  y/toughnes s/viscosity. 


Fig.  V.3.  Interaction  of  layers  according  to  Newton. 


Page  113. 


The  forces,  which  act  on  two  adjacent  pads,  are  aqaal  in 
aagnitude,  but  tha  y are  oppositely  directed. 


If  we  di vida  force  dx  into  area  ds,  then  we  will  obtain  voltage 
eqnal  to 


T 


This  voltage  directed  along  area/site  is  therefore  tangential 


(tangent) 
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The  coefficient  of  ductility/toughnass/viscosity  there  is  a 
value  diaensional  (see  '(able  III.1): 


Kefz  Cl)-  kgf.  (2),.  kg*s.  (3).  Jt«s.  (4).  a/s.  I n the  exanination 

of  the  flow  of  liquid  or  gases,  it  is  very  frequently  necessary  to 
coapare  the  viscois  forces,  which  depend  on  p,  with  tie  inertial 
forces,  the  proportional  ones  to  aass  density  p.  Therefore  proves  to 
be  advisable  to  introduce  an  additional  one  coefficient  of  the 
ductility/toughnes  s/viscosity 


v-iL 
P ’ 

that  characterizing  the  acceleration  of  single  aass  froa  the  viscous 
forces.  This  coefficient  is  called  kineaatic  aodulus  of  viscosity. 
Its  diaensionality 


M-rsa- 

Key:  (1).  a*/s.  4 11  calculations  in  aeroaechanics  ira  conducted 

usually  in  systea  of  practical  units,  and  values  p aal  v one  should 
represent  in  the  saae  systea.  However,  the  aajority  of  the  laboratory 
investigations  of  duct ility/toughness/viscosity  is  conducted  in  the 
absolute  systea  of  ones.  As  ones  of  ductility /toughness/viscosity,  is 


} 


I 
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accepted  one  poise,  which  corresponds  to  value  r,  eguil  to  1 dynes  to 
of  1 ca*  under  the  assumption  j that  velocity  fr on  area/site  to 

area/site,  removed  to  a distance  of  1 ca,  changes  on  1 :a/s.  Onder 
these  conditions 


Page  114. 


Are  used  also  saall/finer  one  of  due  ti  lity/toug  hi  ess/  viscosity  - 
ceqtipoises  and  aillipoise.  Transition  froa  poises  to  working 
standard  of  ductil  it  y/tough  ness/viscosity  can  be  found  froa  the 
relationship/ratio 


*r  ■ CfK  I 98 1 ,000  dun  ■ cm  , f 0un  • rri | „„  , CV 

~~y-J~-tTWrs»  Si98-1|—  3*  1 = 98.1  n^03 


Key:  (1).  dyn*s.  (2).  poise. 


■ i-  c*» 

..  «r  CtK  _ »*  "3*3 

Ml  .**  --an-- 


Key:  (1).  kg*s.  (2).  poise. 


In  practice  value  m is  determined  in  the  majority  of  the  cases 
by  viscosimeters,  gauging  consumption  of  the  liquid  through  the 
capillary  or  capillary  tubes  flows  in  which  are  suborlinatad  to 
poiseuille  equation,  into  honor  of  whoa  is  named  ona  of 
ductility/toughness/viscosity.  Poiseuille  flow  * this  i3  the  flow  of 
viscous  fluid  along  the  duct  of  a small  diameter.  In  axaaination  in 
the  glass  duct  of  flow  of  water,  to  which  are  nixed  small  solid 
suspended  particlas,  it  is  possible  at  considerable  rate  of  flow  to 
note  that  together  with  main  x x-notion  of  duct  are  clearly  visible 
the  incidental  particle  notions  in  the  direction,  noraal  to  the 
axle/axis  of  duct.  If  the  rate  of  motion  in  duct  is  dacreased,  then 
at  certain  rate  will  become  the  evident  that  the  particles  of  liquid 
move  with  separata  layers  over  the  trajectories,  to  and  walls.  This 
flow  is  called  laminar.  If  we  examine  laminar  flow  in  the  tube  of  so 
small  a diameter,  that  the  boundary  layer  thickness  is  more  than  a 
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Poiseuille  equation  (Fig.  T.4) 


where 

duct; 


v=-%r  (**-'*). 


distance  of  the  section  in  question  from  tha  beginning  of 


Ap  - juap/drop  in  the  pressure  under  action  of  wiioh  occurs  the 

flew; 

R - radius  of  duct; 

r - variable  radius. 
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Fig.  7. 4.  Rate  change  across  duct  during  Poiseuille  flow. 

Page  115. 

Fron  this  fornula  it  follows  that  the  rate  changas  according  to 
parabolic  law.  This  flow  is  called  Poiseuille  flow.  Fluid  flow  rate 
through  the  tube  is  equal  to 

V 

where  U - a voluma  of  the  liquid,  which  escape/ensued  for  tiie  unit; 

A p - the  pressure  differential  at  the  length  of  the  capillary  of 

tube; 

l - length  of  capillary; 

R - radies  of  tube. 


Talue  of  the  coefficient  of  ductility /toughness/r iscosity  for 
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the  air 


H = (1 .745 - 10'* -f-  5,03 • 10-V°C)  kg*s/m* 


of  t=  1 5°C  p=1. 82*10“*  kgf  s/m*.  Hence  v=  1,45-  10  s(«ith  t=15°3  p=760  n 
Hg).  For  the  water 


„ - ^.0»78p 

p 1 + 0,0337/“  4.  0,00022/»»  • 


at  15°C 


P = 1,164  104  kg*s/a*. 


The  kineaatic  viscosity  of  water  is  swall: 


~^T0oo  981  -0.1145-10-  a?/s  (at  15°C) . 


Comparing  this  value  with  value  v for  air,  vs  obtain 


1,45  • IO-* 


! 0,1145-  lft-* 


12.7. 


i.e.  the  kineuatic  viscosity  of  air  12.7  tiaes  of  aors  than  the 
kiaeaatic  viscosity  of  water. 


The  d uctility /toughness/viscosity  of  air  and  other  gases 
increases  with  teaperature.  A change  in  the  kineaatic  aodulus  of 
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viscosity  during  a change  in  the  temperature  and  pressure  for  air  is 
shown  on  Pig.  V.5.  The  viscosity  of  true  liguids  froa  a temperature 
rise  falls. 

Dnder  the  effect  of  viscosity  (internal  frictioni  the  gas 
velocity  on  the  surface  of  the  streaalinad  plate  becoies  equal  to 
zero.  During  reeov al/distance  froe  plate  along  the  noraal  to  its 
surface,  the  speel  grow/rises  to  the  value,  which  corresponds  to  the 
speed  of  undisturbed  flow  (v0).  The  saae  occurs,  also,  luring  the 
flew  around  other  bodies  despite  the  fact  that  the  speed  along  thea 
can  be  changed. 
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Fig-  7-5-  Curve/graph  for  air. 


Key:  Cl)  • cn*/s.  (2).  am  Hg. 

Page  116. 

In  iaainar  boundary  layer  the  flow  occurs  by  the  nomiscible 
layers  (Pig.  7.6),  but  in  this  case  the  flow  is  whirled  (Fig-  7.7), 
and  boundary  layer  occasionally  referred  to  as  also  tie  layer  of 
surface  turbulence.  Despite  the  fact  that  the  particles  in  this  layer 
rotate,  there  is  no  their  transverse  nixing. 


It  boundary-layer  flow  is  acconpanied  by  the  ranloa  novenent  of 
particles  and  their  nixing  in  transverse  direction  (perpendicular  to 
flow  direction),  then  this  boundary  layer  is  called  tirbulent.  Single 
particles  in  it  describe  conplex  curved  paths,  which  lo  not  coincide 
with  the  flow  lines  of  the  averaged  flow  (Fig.  7.8). 
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This  state  of  boundary- layer  flow  and  connected  with  frictional 
resistance  to  notion,  and  also  all  the  aarodynanic  properties  of  the 
strea alined  bodies  depend  on  Reynolds  nuaber,  which  characterises  the 
ratio  of  inertial  forces  to  frictional  forces.  To  naaoer  Re*  — 2 -10* 
for  a flat/plane  plate,  the  boundary  layer  retains  its  laainar 
structure.  Hence  it  follows  that  the  length  of  the  laainar  part  of 
the  boundary  layer 

/,  = ^ = 2I0*-. 

v r 


roc  standard  air 


/,«=  2 10*  ',45'  _2p-° 


The  increase  of  velocity  or  boundary  layer  velocity  profile  can 
be  described  by  the  approximate  theoretical  expressions 


" ~ M s (t)  - 5 (f )‘ + 6 (f )'  - * (f )' 

or 

v-om(2 

•re  «*/• 


where  y - point,  in  which  the  velocity  is  equal  v; 


• - thickness  of  the  entire  boundary  layer  (Pig.  V.  91,  with  y=6 


A 
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Fig.  ¥.6.  Diagram  atic  representation  of  viscous  aoticn  in  boundary 

layer- 


■isg 

F «q  V V 


Fig.  V.7.  Eddying  of  laainar  boundary  layer. 


Fig.  T.8.  The  scheaatic  of  turbulent  notion  in  the  boindary  layer:  r 
- turbulent  boundary  layer;  II  - lauinaz  sublayer. 


Page  117. 

These  airf oiL/profiles  satisfy  the  condition  of  tdhesion  on  wall 
and  thre  condition  of  steady  transition  to  the  velocity  of  the 
inviscid  flow  vD.  However,  virtually  the  increase  of  tha  velocity  in 
boundary  layer  occurs  on  its  larger  part  alaost  linearly,  and 
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beginning  approximately  with  the  half  of  thickness  of  the  layer  it 
begins  bending  of  the  Telocity  profile.  The  thickness  of  laninar 
boundary  layer  along  plate,  as  show  exper inental  data,  is  changed 
according  to  parabolic  law,  i.e. , it  is  proportional  y'x'. 


' 7ET  or  *“6l' 


here  - Reynolds  nunber  at  a distance  x fron  leading  edge  plate. 


Friction  stress  for  a flat/plane  plate  variably  decreases 
inversely  proportionally  V *■ 

t„.- 0,382 

which  is  confirnei  well  by  experinental  data. 

Coefficient  of  friction  drag  of  saooth  plate,  in  reference  to 
its  coaplete  surface: 

^«*«  “ pi**  • 

a -5 -S' 

where  xM  - frictional  force,  which  acts  on  both  of  sides  (surface) 
of  the  pla  te 

i — 1 .33  oi*‘. 

AS-l-AX;  S-l/, 


hence 


c'-- - ‘•3S  Vi- 
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The  velocity  of  single  particles  in  laainar  boundary  layer  along 
plate  at  certain  constant  distance  from  its  beginning  (with  Y=const) 
due  to  friction  da  creases.  Kinetic  energy  of  these  particles  also 
decreases,  and  laainar  layer  becoaes  unstable. 
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Pig.  V . 9.  Comparison  of  the  velocity  profiles  in  laminar  (a)  and 
turbulent  (b)  boundary  layers. 


Page  118. 

At  certain  distance  from  the  leading  edge  of  plate,  called  *»t>  and 
corresponding  to  this  distance  Re.,  = -*— . the  flow  becomes  turbulent. 

The  transition  of  the  stream-line  conditions  of  flow  to  turbulent 

J 

occurs  in  the  so-called  transition  region  where  the  flow  nixed. 

/a  ltov 

Near  wall  reaains  the  very  thin  !0==~t==!  laminar  sublayer,  in 

VchypS  ! 

which  the  velocity  gradient  is  very  great,  which  produces  an  increase 
of  the  frictional  resistance  in  boundary  layer.  Por  a turoulent 
boundary  layer  tha  velocity  along  the  nocnal  to  surface  (wall) 
grow/rises  approximately  of  proportionally  to  the  root  seventh  degree 
of  distance  from  the  wall  (see  Pig.  V.9): 


j 


1 
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The  thickness  of  turbulent  boundary  layer  along  <all  grow/rises 
■ore  rapid  than  the  thickness  of  the  laainar  boundary  layer: 

* 0.37 


x 


Friction  stress  and  coefficient  of  friction  drag  in  tirbulent 
boundary  layer  is  also  more,  rather  than  with  the  laaLnar  boundary 
la fer: 


C'ryp6 


7 1 

x = 0.0225 pv«(-£)\ 
r^=-  ^is  nore  precise. 


In  transient  coefficient  donain  of  friction  (Fig.  V.10) 

0,074  1700 

Cf  *=  r-?'~  

"•»  /Ri  Re  • 

Ratio  of  the  coefficients  of  friction  drag  for  a flat/plane 
plate  of  purely  tur.bulent  and  purely  laainar  flows  following: 


R*  10*  io» 
1>71  ** 

c/.i> 


10?  10*  10* 

7.15  16.03  37.04 
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Pig.  V.10.  Comparison  of  the  coefficient  of  friction  c,  of  different 
flow  conditions:  r~,iMn  " ~c,ntp 


Page  1 19. 

As  can  be  sesn  fro*  that  presented,  with  an  increase  in  Reynolds 
nuaber  turbulent  resistance  increasingly  aore  exceeds  laainar.  By 
this  is  caused  tendency  how  it  is  possible  longer  (at  the  larger 
length  of  body)  to  preserve  the  strean-line  conditions  of  flow  during 
the  flow  around  lifferent  bodies  (airfoil/profiles  and  fuselages  of 
aircraft,  rockets,  ships,  etc.),  since  thus  it  is  possibla  to 
decrease  their  resistance  and  to  increase  the  velocity  of  notion  (at 
given  power). 

Frictional  rasistance  depends  substantially  on  the 
coapressibility  of  air.  For  a laainar  boundary  layer  this  affect  can 
be  estimated  for  a flat/plane  plate  on  G.  F.  Burago's  approximation 


(l+O.IAf*,)’ 


J 


foraulas 


I 
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while  for  turbulent 


e* 


Jrryp6. 


V + iSAf* 


The  dependence  of  turbulent  friction  on  Mach  nu»er  is  given  in 
Pig.  P.11.  Por  determination  of  the  position  of  the  transition  point 
of  laminar  boundary  layer  into  turbulent  for  smooth  airfoil/profiles, 
it  is  possible  to  use  the  curve/graph,  given  in  Fig.  P.12,  in  which 
is  given  the  dependence  (xr  — x„)  =*  / (Re) 


*T.  Ucp 


where  b - a chord. 

■fm.n. «,  is  detarmined  usually  from  dependence  P=f  («)  for  this 
airf  od.l/prof  ile,  obtained  from  experiment  or  by  theoratical  method. 
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Pig.  ¥.11.  Depend* nee  of  the  coefficient  of  friction  of  turbulent 
boundary  layer  on  Mach  nuaber. 


Pig.  ¥.12.  Curve/graph  for  determining  the  position  oE  transition 
point. 

Page  120. 

I 1 

It  oust  be  noted  that  with  an  increase  of  the  angle  of  attach 
within  snail  Units  the  transition  point  with  increasa  e>  is 
displaced  on  the  upper  surface  of  airfoil/profile  forward,  and  on 
lower  - back/ago,  and  its  aid-position  for  this  Re  nuaber  does  not 
virtually  change.  Vith  an  increase  in  Reynolds  nuaber  the  transition 
point  is  displaced  forward,  the  region  of  laninar  flow  is  reduced, 
aqd  drag  coefficiant  increases  (Fig.  ¥.13). 


The  initial  turbulence  of  flow.  The  flow,  which  encoanters  to 
bodies,  is  usually  filled  by  snall/fine  eddy/vortices.  In  wind 
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tunnels  the  sourca  of  vortex  formation,  nr  turbulence,  are  different 
cell/elenents,  which  are  located  in  flow  (diffusor  grids,  blades  of 
elbows,  etc.) , and  also  very  walls  of  duct. 

In  the  presence  of  snail/fine  vortex  flows,  the  velocity  its 
aLways  fluctuates  (Pig.  V.14),  since  the  carried  by  flow 
eddy/vortices  they  will  first  increase,  then  decrease  the  local 
velocity  in  dependence  on  their  direction  of  rotation  and  position 
relative  to  flow-rate  neter  (nozzle).  The  usual  neters  (besides 
hot-wire  ones),  used  during  aerodynamic  investigations,  give  only  the 
averaged  velocity  of  flow.  True  airspeed 

where  v - average  quadratic  value  of  the  pulsating  velocity  of  flow; 
can  be  positive  (i.e.  directed  to  the  saie  side,  as  vt?)  and  negative. 
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t-tL^  . W . |4 


Pig.  7.13.  Effect  of  a number  Re  and  of  a position  of  transition 
point  for  frictional  resistance. 


Pig.  7.14.  Stream- velocity  fluctuation:  1 - speed/rats  aeter. 


Pa  ge  121. 


The  initial  turbulence  of  flow  the  greater,  the  greater  the 
value  v#  determined  according  to  the  expression 


o = 


vdt. 


here  (t2-t,)  - certain  period  of  time  for  which  falls  the  large 
number  of  pulsations  of  velocity  (Fig.  7.14).  For  measure,  or  degree, 
turbulences  acguire  the  value 


s 


The  value  of  the  degree  of  initial  turbulence  expresses 


1 
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frequently  in  the  percentages 

e'/#“*r— 100. 

Investigation  showed  that  in  wind  tunnels  the  initial 
turbulence  of  flow  oscillates  within  linits  by  0.1-2o/o.  Turbulence 
of  natural  atmospheric  air  at  the  height/altitude  of  several  hundred 
■eters  is  equal  to  e*»0,02?«.  In  spite  of  its  low  value  the  initial 
turbulence  of  flow  in  duct  strongly  affects  the  character  of  flow.  If 
in  flow  is  initial  turbulence,  then,  as  show  experiments,  the  laminar 
part  of  boundary  Layer  on  body  sharply  is  reduced,  since  laminar 
layer  little  is  stable,  and  initial  turbulence  of  its  flow  easily 
"swings”.  Frictional  resistance  in  plate,  wing  profile  and  similar 
bodies  in  this  case  strongly  grow/rises.  Increases  also  overall  drag 
cM  (Fig.  V.  15)  . 

Not  always,  however,  the  increase  of  initial  turaulence 
increases  the  resistance  of  body.  An  increase  in  the  resistance  is 
obtained  in  such  bodies,  whose  main  thing  it  is  comprise  friction, 
but  not  the  resistance,  caused  by  forces  of  pressure.  The  bodies  of 
good  streamline  shape  include  the  plates,  placed  by  fin/edge  to  flow, 
fuselages  and  wings  of  aircraft,  missile  body,  dirigieles,  ships, 
etc.  In  such  bodies  friction  reaches  70-30o/o  of  totaL  resistance. 
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Pig.  V . 1 5.  Effect  of  the  intensity  of  turbulence  B and  of  nunher  Re 
on  the  drag  coefficient  of  bodies  of  revolution.  t 

Pi  *e  122. 

In  the  bodies  whose  resistance  depends,  aainly,  on  pressures 
(shape  drag),  caused  by  boundary-layer  separation,  in  the  turbulent 
flow  sometimes  is  created  saaller  resistance  than  in  Laminar  flow.  An 
example  is  sphere.  Its  coefficient  cr  strongly  depends  on  Reynolds 
nuaber  (see  Pig-  7-19)-  An  incidence/drop  in  the  drag  coefficient 
occurs  siaultaneou sly  with  the  transition  of  boundary  layer  froa 
laainar  state  into  turbulent.  With  the  small  Re  numbers,  the  laminar 
boundary  layer  in  sphere  blows  away  froa  its  surface  almost  over  the 
greatest  transverse  section  (diameter)  . 

According  to  the  available  experiments,  at  the  first 
torque/aoa ent  the  flow  flows  about  the  sphere  without  breakaways 
(Pig.  V.16a),  in  front  and  froa  behind  it  is  obtained  elevated 
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pressure,  while  on  transverse  to  flow  - equator,  - lowered/reduced, 
i.e.,  flow  patten  the  sa*e  as  for  the  case  of  ideal  fluid.  In  the 
following  instant  the  boundary  layer  begins  leak  fro*  regions  with 
elevated  pressure  (i.e.  fro*  front/leading  and  rear  ends)  into  region 
with  lowered /reduc ed  (i.e.  to  equatorial  cross  section).  About 
aaxiau*  (transverse)  cross  section  these  layers  colliie  (Fig.  V.16b). 
As  a result  of  collision,  occurs  the  flow  breakaway  fro*  the  surface 
of  sphere  and  air  begins  leak  as  shown  in  Fig.  V.16c,  aoraover 
pressure  after  spiere  decreases,  that  also  creates  pressure 
difference  fro*  the  front  and  fro*  behind  sphere  is  caused  the  high 
resistance,  aeasured  by  coefficient  cx  **  0,48. 

With  the  larje  Re  numbers,  the  boundary  layer  in  sphere 
transfer/converts  into  turbulent  state.  It  in  exactly  the  sa*e  manner 
blows  away  fro*  surface,  but  only  at  the  point,  which  lies  further 
along  flow,  than  with  laminar  boundary  layer.  This  is  explained  by 
the  fact  that  on  the  boundary  of  turbulent  boundary  layar  occurs  the 
energetic  Mixing  of  air  of  this  layer  with  the  driving/*ov ing  above 
its  surface  of  layer  external  flow.  Therefore  the  layar,  which  flows 
fro*  the  front  back/ago  (along  flow),  is  carried  along  by  external 
flew,  and  the  layer,  which  flows  forward,  it  is  braked  by  it. 
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Fig.  V .16,  Plow  around  sphere  at  different  aoaent  of  tine. 

Page  123. 

As  a result  the  first  layer  pushes  aside  separation  point  back/aqo. 
During  this  displa cenent  of  separation  point,  the  picture  of  the 
distribution  of  pressure  according  to  sphere  becoaes  lore  favorable 
(7ig.  V.17)  and  approaches  a flow  pattern  of  ideal  fluiJ.  In  this 
case,  the  coefficient  to  flow  pattern  of  ideal  fluid,  la  this  case, 
the  drag  coefficient  of  sphere  falls  to  very  low  value  (c,  = 0,1) 
despite  even  the  fact  that  the  frictional  resistance  i gainst  the 
surface  of  sphere  in  turbulent  layer  will  be  increase!. 
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Sphere  is  vec y sensitive  to  initial  turbulence.  Sufficient 
before  the  sphere  to  place  several  thin  vires  so  that  the  boundary 
layer  would  pass  into  turbulent  state.  Is  very  exponential  the 
following  experience  in  Prandtl.  If  we  Jan  to  the  front  of  sphere 
(Fig.  V . 18 ) place  fine/thin  wire  ring,  then  it  not  only  will  not 
increase  the  drag  coefficient  of  sphere,  but  it  vice  versi  decreases 
it  more  than  twice  (at  low  speeds)  . 

Sphere  they  use  for  the  indirect  determination  of  the  initial 
turbulence  of  flow  in  wind  tunnels.  Graphically  the  results  of  the 
tests  of  sphere  in  ducts  with  different  initial  turbulence  of  flow 
take  the  form,  depicted  in  Fig.  ▼.  19.  This  curve/grapi  can  be  changed 
ia  the  fora  =f  / (Re,,),  where  Re„p  - there  is  Reynolds  number,  with 
whoac,^  0,3.  This  curve  is  very  steady  and  on  it  satisfactorily  lie  down 
all  experiments  in  different  ducts. 

For  the  determination  cf  the  degree  of  initial  turbulence  in  the 
newly  constructed  duct,  it  is  necessary  to  test  there  sphere  at 
different  velocities  and  to  construct  curve  c,  — (Re),  if  tar  finding  Re 
with  which  c,  — 0,3,  it  is  possible  on  curre./graph,  given  on  Fig.  V.  20, 
to  find  the  value  of  the  initial  turbulence  of  flow 
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Pig.  V.17.  The  distribution  of  pressure  according  to  sphere  during 
different  condi tions/aodes  of  the  flow:  1 - ideal  flo»;  2 - turbulent 
breakaway;  3 - laainar  breakaway. 

Fig.  V.18.  Sphere  with  wire  ring. 

Page  124. 


During  tire  ds tern ination  of  the  degree  of  the  initial  turbulence 
of  flow  with  the  aid  of  sphere,  it  is  necessary  to  take  into 
consideration#  that  dependence  c*t  - f (Re).,,  shown  on  Pig.  f.20  and 
approxiaated  by  the  forsala 

e'/»  = r 2’ 

LfooodfJ 

is  obtained  according  to  the  experiaeats,  carried  out  in  the 
I9f/Ds* ith  the  spheres  with  a diaaeter  of  12-22  cn  in  ducts  with  the 


a 
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relatively  high  degree  of  initial  turbulence  (0.5-3o/o).  In  recent 
years  the  quality  of  flow  in  wind  tunnels  increased  and  the  degree  of 
initial  turbulence  in  then  was  lowered  to  0.2*0. 3o/o.  Furthers  ore,  it 
was  noticed,  that  the  obtained  value  depends  on  the  diameter  of 
sphere  and  size/di nension  of  the  test  section  of  the  luct. 

The  experiments  conducted  regarding  initial  turbulence  with  the 
use  of  spheres  of  different  diameter  and  hot-wire  anenoneters  showed 
following.  Value  Re«p  in  duct  with  the  size/dinension  of  the  test 
section  of  3 a varies  from  400,000  for  sphere  d-100  mm  to  310,000  for 
sphere  d=500  nn,  with  respect  varies  and  value  e%.  The  greater  the 
diameter  of  sphere  with  the  assigned/prescribed  diameter  of  test 
section,  those  the  more  obtained  from  it  value  e%,  whici  corresponds 
to  the  larger  frequency  band  of  the  pulsations  of  the  velocity, 
"recovered"  by  sphere.  So,  sphere  d*300-350  mn  covers  entire  range  of 
pulsations  and  gives  great  value  e°»,  sphere  d=100  mm  gives  the 
reduced  value  which  corresponds  to  the  range  of  pjleations  from 
1000-2000  Hz  and  it  is  above. 
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Fig.  V.  19.  Depends  nee  c,  of  sphere  on  Re  numbers  and  **« 

Fig.  V.20.  Depends  nee  on  Re«p  for  a sphere.  Different  snail 

circles  showed  different  wind  tunnels. 

Page  125. 

It  is  necessary  to  keep  in  nind  that  the  spectcun  of 
strean-velocitys  fluctuation  covers  very  wide  frequency  band:  from 
ones  to  hundreds  of  thousand  hertz.  However,  those  deternining  the 
intensities  of  turbulence  are  low  frequencies  (Fig.  ?. 21).  On  these 
reasons  during  ths  deternination  of  velues  Re,p  and  t°0  with  the  aid 
of  sphere,  it  is  necessary  to  introduce  correction  Ae®»  = / (O  for  the 
ratio  of  its  dianeter  to  the  dianeter  of  test  section,  but  in  the 
case  of  the  neasurenent  by  hot-wire  anenoneter  - to  consider  its 
frequency  characta ristic,  frequency  band  of  the  pulsations  of 
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velocity,  Measure!  by  hot-wire  anemometer. 

Taking  into  account  the  results  of  experiments  in  recent  years, 
it  is  possible  for  determining  initial  turbulence  of  flow  in  wind 
tunnels*  with  the  aid  of  sphere  to  use  the  following  lepenlences. 

FOOTNOTE  ».  There  are  in  the  form  of  duct  with  the  relatively  small 
initial  turbulence  of  flow  in  test  section  («s  - o.5  + o,7).  SIDPOOTNOTE. 

1.  Expected  critical  Reynolds  number  is  connectel  with 

size/dimensions  of  tested  sphere  and  test  section 

« 

10-  • Re,,  = 0, &**'-"**•  + 3, 

where 


here  - diameter  of  tested  sphere; 

- diametar  of  test  section  of  duct. 

2.  Intensity  value  of  imitial  turbulence  of  flow  in  terms  of 
obtained  in  experiments  value  Re«p: 


rig.  Y .22.  eY’  ni « /(«.  «H)  for  a aodel  airplane  with  th?  swept  back 
•Mg. 


rig.  Y.23.  Characteristics  of  aodel  airplane  with  delta  wing  at 
different  intensity  of  turbulence  of  the  incident  flow. 

Page  127. 


The  initial  turbulence  of  flow  affects  also  such  aeralynaaic 
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characteristics  as  lift  coefficient  cy  ^ and  coefficient  of  pitching 
nonent.  Pigure  V.22  and  V.  23  gives  values  cy  = f (a)  and  =*  f { o)  for 

aircraft  with  swept  and  delta  wing,  in  Fig.  V.24  for  rectangular  and 
in  Fig.  V.  25  for  a laainar  wing,  obtained  with  different  initial 
turbulence  levels  of  flow.  As  can  be  seen  fron  diagraa  (Fig.  7.22), 
at  the  high  angles  of  attack  of  larger  initial  turbulince, 
corresponds  the  larger  value  of  coefficient  c>m,x  and  mz.  This  is 
explained  by  the  fact  that  with  the  large  initial  turbulence  of  flow 
and  at  angle  of  attack  of  wing  the  flow  around  upper  surface  is 
steadier  (the  saaa  effect,  as  during  the  flow  around  sphere).  The 
sane  effect  of  increase  gives  an  increase  in  Be  nuaber. 
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Pig.  T. 24.  Characteristics  of  the  rectangular  wing  at  different 
intensity  of  turbulence  of  the  incident  flow. 

Page  128. 

During  the  evaluation  cf  the  results  of  the  experiments  in  wind 
tunnels  inportantly  to  divide  and  to  rate/estiaate  an  effect  both  of 
the  initial  tnrbuleace  t%  and  Re  nunbers  of  the  experinent.  Figure 
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V. 26  shows  the  effect  of  the  intensity  of  turbulence  on  the 
resistance  of  soae  bluff  bodies. 

Talcing  into  account  the  considerable  eddying  effect  of  flow  in 
wind  tunnels  on  the  results  of  experiments  in  then  and  the  fact  that 
the  contenporary  forns  of  flight  vehicles  are  very  ideal,  and 
frictional  resistance  for  then  plays  the  significant  role,  they 
attempt  during  te3ts  in  ducts  to  have  the  initial  turbulence  of  flow, 
a close  to  atmospheric. 

Boundary-layer  separation.  As  a whole  to  the  position  of  the 
transition  of  laminar  boundary  layer  into  turbulent  state,  besides  Be 
number,  the  fora  of  wall  (airfoil/profile) , local  bendings,  angle  of 
attack,  that  cause  pressure  gradient  in  the  direction  of  the  notion 
of  gas  and  the  initial  turbulence  of  flow,  are  exerted  effect  and 
state  of  fairing  (degree  of  its  roughness)  . Figure  V.27  gives  changes 
in  the  value  of  the  coefficient  of  friction  for  ducts  from  different 
by  roughness  surface  in  dependence  on  Be  number. 
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Fig.  V. 25.  Polars  of  laminar-flow  profile  NACA632=616  at  iifferent 
intensity  of  turbulence  of  incident  floe  ( Re=1.25*1D6)  . 


Fig.  V . 26.  The  dependence  of  the  relativa  resistance  of  different 
bodies  on  the  intensity  of  turbulence  of  the  incident  flow:  1 - 
cylinder  after  crisis  (Re=4»10*);  2 - cylinder  to  crisis  (Re=2«l05)  ; 
3 - cube  (He=4*105);  4 - model  of  electric  locomotive  on  screen 
(Re=4«  10*)  . 


Page  129. 


As  can]  be  seen  from  figure,  by  good  surface  finishing  it  is  possible 
to  attain  the  decrease  of  frictional  resistance  several  times.  An 
especially  important  value  this  fact  has  for  the  aircraft  of  rockets, 
ships  and  the  similar  bodies,  frictional  resistance  ia  which 
comprises  the  considerable  portion  of  total  resistance 


The  effect  of  different  inequalities  (rivet  head,  slot,  surface 
vaviness,  heavy  graininess  in  coloration)  lies  in  the  fact  that  they 
agitate  laainar  flow,  move  transition  point  into  turbulent  flow 
forward  (to  the  leading  edge  of  body),  increase  section  with 
turbulent  boundary  layer  and,  consequently,  also  resistance.  The 
degree  of  the  surface  roughness  is  called  the  ratio  of 
height/altitude  k of  the  prominence/ protuberances  of  rouganess  to 
radius  r of  duct  or  to  wing  chord  (to  length  of  body),  this  roughness 
is  called  of  relative.  Absolute  roughness  is  aeasured  in  millimeters 
or  portions  of  millimeters.  Values  in  the  millimeters  of  the 
height/altitude  of  the  projections  of  the  roughness  of  different 
materials  following: 

clean  drawn  tubes  from  brass,  copper,  lead.  0.0015-0.001 

new  steel  seamless  pipes.  0.04-0.17 

zinc-coated  iron  ducts.  0.39 

new  cast-iron  pipes.  0.25-0.42 

birch  pljiwooi.  0.025-0.05 
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pinewood  plywood.  0.1 

wooden  ducts.  0.25-1.25 

wooden  planed  blades.  0.25-2.0 

surface  fro*  clean  cenent.  0.25-1.25 

plasterings  ay  cenent  nortar.  0.45-3.0 

concreted  channels.  0.8-9. 0 

covered  with  glaze  earthenware  ducts.  0.25-6.0 

ducts  fron  glass.  0.0015-0.01 

coating  with  oil  paint  over  the  puttied  surface.  0.1. 

The  permissible  degree  of  roughness,  not  calling  change  in  the 
resistance,  is  given  for  a wing  profile  iq  Pig.  V.28.  In  the  free 
flow  out  of  boundary  layer,  air  friction  is  not  virtually  exhibited, 

and  the  total  pressure  in  all  points  is  aqual.  In  boundary  layer  it 

less  than  is  the  free  flow,  sad  it  changes  froa  one  point  to  the 

doe  to  the  losses  of  the  kinetic  eaargy,  which  converts  into 

heat. 
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Fig.  V. 27.  The  dependence  of  the  coefficient  of  friction  of  ducts  on 

roughness  and  Re  nunber:  1 - rough;  2 - corrugated;  3 - s«ooth. 

Key:  (1).  Large.  (2).  Small. 
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Heating  by  bo undary-layer  friction  of  the  surface  of  the 
dr iVing/moving  at  a high  speed  bodies  reaches  the  significant 
magnitudes  (Pig.  V.29)  and  it  is  coiaensu rable  with  haating  from  the 
coapression  of  gas  at  critical  point. 

The  flow  pattern  into  boundary  layer  and  stability  of  this  layer 
is  had  considerable  effect  on  interaction  of  flow  and  straamlined 
body.  Boundary  layer  stability,  its  thickness  and  tendency  toward 
breakaway  on  body  depend,  eainly,  on  the  distribution  of  the 
velocities  in  the  free  flow  out  of  boundary  layer.  If  above  it  due  to 
the  curvature  of  body  velocity  grow/rises  (flow  is  accelerated)  or 
camber  of  velocity  does  not  change  its  sign,  then  boundary  layer  will 
be  stable.  This  fLow  pattern  occurs  on  the  nose  sections  of  the 
profiles  of  wings,  in  nozzles,  etc. 

If  the  velocity  in  the  direction  of  flow  due  to  tha  expansion  of 
jets  (channel,  etc.)  decreases,  then  in  accordance  with  this 
grow/rises  pressure. 
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Pig. ^depending  on  Re  nmber  and  flow  conditions:  1 - 
turbulent  motion  {aerodynamic  smooth  surface):  II  - 


motion . 


bA  for 

b/k  for  viscous 


Key:  (1).  Roughness  of  the  surface  of  the  airfoil/profile  (it  is 
increased).  (2).  Ideal  surface  of  airf oil/ prof ile. 

Page  131. 

The  particles  in  boundary  layer,  which  losed  due  to  friction  their 
kioetiJc  energy,  at  certain  distance  from  leading  edge  cannot  move 
iqto  high-pressure  area  and  are  stopped.  Further  with  an  increase  in 
the  distance  from  leading  edge,  appears  reverse/inverse 
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boundary-layer  flow,  which  will  entail  change  in  the  velocity 
profile,  education /formation  of  eddy/vortices  and  breakaway  of  layer 
fron  wall  (Pig.  V.  30)  . 

The  point  of  boundary  layer,  at  which  the  frictional  force  turns 
into  kero  and  aftar  which  begins  reverse  flow,  it  is  called  the 
separation  point  of  flow.  The  detached  laminar  boundary  layer  rapidly 
transfer/converts  into  turbulent  state  (Pig-  V.30)  and  can  with  small 
curva-ture  of  valla  again  adhere  to  body.  Turbulent  boundary  layer 
longer  does  not  blow  away  from  body,  since  it  scoops  anargy  from 
external  flow,  but  also  it  after  breakaway  can  adhere  to  body.  After 
the  breakaway  of  layer,  somewhat  descends  frictional  resistance,  but 
considerably  is  raised  pressure  drag. 

The  detached  away  from  body  eddy/vortices  at  certain  distance 
from  it  are  linked  and  is  formed  "trace"  - the  region  of  that  braked, 
several  chamfered  and  vortex  flow  (Pig.  7.31).  The  controls, 
arrange/located  in  trace,  have  the  lowered/reduced  effectiveness  and 
are  tested  the  shocks  of  the  disappearing  frcm  body  el dy/vortices. 
Plow  breakaway  causes  not  only  sharp  increase  in  the  resistance,  but 
also  lift  breakdown. 

The  state  of  boundary  layer  has  high  value,  also,  for  the 
characteristics  of  the  flow  of  liquid  ani  gases  in  of  various  kinds 
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channels,  conduit/nanifolds , nozzles  and  exit  cone/d  if fusa rs  (see  in 
detail  Chapter  X). 
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Pig.  T.29.  The  dependence  of  heating  rubbing  surfaces  against  the 
air:  1 - heating  at  the  point  of  zero  velocity  AT=v*/2000;  2 - 
heating  the  surfaces  of  aircraft  AT=v*/2320;  Pr=0.74. 

Key:  (1)  . a/s. 

Pig.  V.30.  Plow  with  breakaway  in  boundary  layer. 
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Boundary  layar  control.  Eliaination  or  weakening  of  all 
undesirable  phenoaena,  connected  with  boundary- layer  flow,  is 
possible  with  the  aid  of  control  of  this  layer. 

One  of  the  si.  ap lest  Methods  of  the  "tightening"  of  the 
transition  of  laai nar  boundary  layer  into  turbulent  state  is 
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imparting  to  the  body  (for  example,  to  the  wing  profiLe  or  fuselage) 
of  such  forms,  with  which  the  point  of  the  minimum  of  pressure  it  is 
displaced  to  the  rear  portion.  This  method  makes  it  possible  to 
decrease  the  frictional  resistance.  However,  in  many  instances,  for 
example  for  an  increase  in  the  lift  of  wing  at  high  angles  of  attack, 
it  is  not  effective.  Recently  increasing  propagation  receive  the 
forced  methods  of  boundary  layer  control  (OPS)  with  tie  aid  of 
suction  or  blowing.  These  methods  pursue  the  target/purposes  of 
prevention  or  tightening  of  boundary-layer  separation  and  transition 
delay  of  boundary  layer  from  laminar  into  turbulent  state  (Fig. 

V.  32)  . 
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Pig.  V.31.  The  edi  cat ion/fornation  of  wake  after  the  aoly:  1 - real 
thickness;  2 - high-speed/velocity  boundary-layer  profile;  3 - 
high-speei/velocit y airfoil/profile  of  trace;  4 - turbulent  boundary 
layer;  5 - transition  point;  6 - laninar  boundary  layer. 


Key:  Cl)  • Boundary  layer.  (2).  sake. 


Pig.  V.32.  Schematics  of  section  and  bloving  of  boundary  layer 
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If  ve  exhaust  from  laainar  boundary  layer  its  tbnse  particles 
which  to  a considerable  degree  losed  their  kinetic  energy,  then 
boundary  layer  velocity  profile  will  becoue  more  "filled":  in  layer 
reaain  the  particles,  earlier  aore  distant  froa  wall  ini  which 
possess  high  kinetic  energy,  which  raises  the  stability  of  the  newly 
foraable  after  place  suction  of  layer.  During  the  sitting  of  the 
suction  slots  or  opening/apertures  and  of  corresponding 
expenditure/consui ption  through  then,  it  is  possible  to  attain  so 
that  the  boundary  layer  thickness  nowhere  would  exceei  critical. 
Laainar  boundary-layer  flow  in  this  case  succeeds  in  preserving  to 
the  large  Re  nunbars  (~107)  . This  aethod  of  laainarization  is 
actually  directed  toward  the  distance  (dis placement)  of  transition 
point  and  has  iaportant  value  for  decreasing  the  frictional 
resistance  and  heating  of  surface,  which  is  substantial  during  notion 
with  high  velocities.  Tightening  or  prevention  of  boundary-layer 
separation  has  tha  iaportant  value  for  an  iaproveaent  in  the 
characteristics  during  the  flow  around  bodies  at  anglas  of  attack  or 
flow  of  liquid  in  expanding  ducts. 


To  the  position  of  separation  point,  it  is  possible  to  affect 
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both  suction  and  slowing  of  boundary  layer.  With  suction  (after  the 
place  of  breakaway)  is  reduced  the  pressure  in  the  region  between  the 
detached  layer  and  the  body  surface. 
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Pig.  V.  33.  The  effect  of  boundary- layer  bleed  on  the  trace:  1 - 
velocity  profile  without  suction;  2 - airfoil/profile  with  suction;  3 
- trace;  z - vertical  distance  fron  leading  edge. 


Pig.  y.34.  The  effect  of  boundary^  layer  bleed  on  the  irag  coefficient 
of  different  Re  nunbers:  1 - airfoil/profile  without  auction;  2 - 
partial  suction;  3 - suction  fron  an  entire  surface  of 
airfoil/profile;  4 - recuperation  of  trace. 

Kef:  (1).  Turbulent  friction  (smooth  plate).  (2).  laminar  friction 

(smooth  plate) . 
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The  detached  boundary  layer  in  this  case  again  adheres  to  body,  its 
flow  becoaes  steadier  and  the  breakaway  of  layer  occurs  in  point, 
which  is  located  further  along  flow,  than  this  would  ne  without 
suction.  B oundary- layer  bleed,  displacing  separation  point,  attenuate 
of  boundary  layer  and  thickness  of  trace  IFig.  V.33),  of  being  basic 
source  resistance,  which  can  be  substantially  decreased  (for  exanple. 
Pig.  7 . 34)  . If  tha  exhausted  air  is  discarded  into  tha  trace  which  in 
this  case  will  obtain  supplenentar y energy,  then  this  recuperation 
(restoration/reduction)  of  trace,  as  can  be  seen  fron  Pig.  V.34, 
additionally  is  dscreased  resistance. 


In  connection  with  the  wings  of  aircraft  suction  it  is  possible 
to  produce  with  one  or  several  slots,  arra hge/located  usually  for 
thick  wings  (c=10-12o/o)  before  the  flap,  and  for  fina/thin  ones  - 
additionally,  near  nose  section.  The  character  of  lift  increment  for 
a wing  with  UPS  depending  on  expenditure/c onsunption  is  siown  on  Pig. 


V. 35.  With  this 


* 


where  Q - expendit  ure/consunption;  S * wing  area,  operated  by 
boundary-layer  blaed. 


In  recent  yeirs  *re  conducted  the  investigations  in  suction 

through  opening/apertures  for  the  laainarization  of  tie  flow  around 
entire  surface  wing,  fuselage,  etc.  These  investigations  showed  the 
possibility  of  realization  similarly  of  the  laainarization  of 
boundary  layer  virtually  on  all  wing  and  considerable  reduction  for 
this  count  of  wing  drag.  However,  transfer  of  the  results  of 
laboratory  tests  for  nature  aeets  with  great  structun  1/de  sign  and 
technological  difficulties,  since  the 

preservation/retention/aaintaining  of  laainar  boundary  layer  requires 
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factors  which  on  real  aircraft  to  carry  out  is  complicated. 

Another  method  of  the  distance  of  separation  point  is  boundary 
layer  injection.  This  makes  it  possible  to  increase  kinetic  energy  of 
the  stagnation  particles,  to  decrease  the  frictional  resistance  and 
to  shift/shear  separation  point  in  flow.  It  should  be  noted  that  UPS 
has  especially  important  value  for  an  increase  in  the  aerodynamic 
lift  of  aircraft. 


Figure  V.36  shows  a change  in  the  lift  coefficient  for  model 
airplane  with  the  sweptback  wing  in  dependence  on  angle  of  attack 
with  blowing  nnd  without  blowing  of  the  deflected  on  60°  flap. 
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Pig.  f.37»  Effect  of  blowing  on  the  lift  iacreaent  and  torque/aoaent 


Pig.  V.38.  The  schematic  of  the  supply  of  air  to  the  aodel:  1 - feed 
of  the  compressed  air  into  aodel;  2 - flaxible  hose;  3 - 
conduit/aa nif old,  d=38  an. 


Key:  (1).  On.  (2).  Proa  receiver. 


Page  137, 


The  intensity  of  bloving  is  characterized  by  the  coefficient  of 
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where  vm  ~ average  over  the  section  of  slot  velocity  of  blown  out 
air;  Q„  - mass  flow  rate  of  the  blown  oat  air;  S - wing  area, 
operated  by  blowing. 

rigure  7.37  lepicts  for  the  same  aodel  the  effect  of  bloving  on 
the  lift  increaent  and  pitching  aoaent  during  different  flap 
deflection.  The  aoderate  lift  increaent  is  connected  with  relatively 
low  value  of  the  coefficient  which  in  real  construction/designs 

due  to  the  liei tel  ness  of  possible  air  bleed  froa  engines  reaches 
values  cu  = 0.1— 0,15. 

The  experiaental  investigation  of  the  effect  of  oloving  on 
characteristics  of  wings  and  aircraft,  conducted  in  wind  tunnels, 
runs  into  sone  difficulties.  The  connected  with  the  "sarth/ground" 
systea  of  the  supply  of  the  coapressed  air  to  aodels  aust  not  affect 
readings  of  the  weights,  which  aeasure  the  lift  and  other  aerodynaaic 
characteristics.  This  requires  the  application/use  of  special 
construction/design,  which  joins  air  duct  with  aodel  (for  exaaple, 
shown  on  Pig.  7.38).  The  supply  of  air  to  aodel  is 
realize/accoaplish ed  through  the  hinged  pa rallelograa  aechanisa, 
establish/installed  on  the  fraae  of  balance.  The  front /leading  hinge 
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joint  of  parallelogram  is  combined  with  the  front/leai ing  hinge  line 
of  model,  and  its  rear  part  is  the  part  of  the  rear  suspension  of 
model.  This  schematic  of  the  feed  of  the  compressed  air  does  not 
disrupt  the  kinematics  of  weights  during  a change  in  the  angle  of 
attach  and  it  does  not  affect  on  the  values  of  forcas  and 
torque/moaents,  which  act  on  model  during  experiments. 

Another  fact  to  which  it  is  necessary  to  focus  attention,  is  the 
simulation  of  slot,  which  in  experiments  must  have  the  identical  with 
respect  to  spread/scope  width  of  0. 2-0.4  mm.  And  finally  last/latter 
difficulty  - this  is  the  provision  for  uniform  blowing  all  over 
length  of  slot,  which  requires  the  special  chamber  design  of  blowing. 

§?.*2.  Boundary  layer  at  high  velocities. 

Boundary  layer  and  flow  pattern  in  it  have  enormous  effect  on 
the  flow  around  bodies  not  only  with  small  ones,  but  also  at  high 
velocities  (subsonic  and  supersonic),  since  due  to  the  manifestation 
of  compressibility  sharply  change  all  the  aerodynamic  characteristics 
of  body.  As  is  known,  transition  from  supersonic  flow  to  subsonic  is 
accompanied  by  the  education/f ormation  of  shock  waves  with  an  abrupt 
change  in  the  velocity,  pressure,  density  and  temperature  of  gas. 
Form,  character  and  intensity  of  shock  waves  depend  not  only  on  rate 

of  flow,  but  also  on  the  form  of  body  and  state  of  boundary  layer  on 

it. 
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Boundary  layar  on  the  body  before  the  juap  can  be  divided  on  two 
parts  (Pig.  7.39):  lower  - near  wall  with  subsonic  spaed  (v/a<1)  and 
upper  - with  supersonic  speed  (H>1).  In  the  supersonic  region  of 
boundary  layer  appear  the  shock  waves  which  do  not  reach  the  surface 
of  wall. 

Page  138. 

Pressure,  caused  by  juap  on  tha  subsonic  pact  of  boundary 

layer,  is  spread  upward  on  flow  producing  an  increase  in  the  boundary 
layer  thickness,  and  subsequently  and  its  breakaway.  3 ua  to  boundary 
layer  growth,  which  for  laainar  flow  is  considerably  lore  than  for 
turbulent,  before  the  noraal  shock  appear  one  or  several  oblique 
shock  waves  which  are  linked  with  straight  line,  and,  thus,  appears 
the  double  shock  wave  in  the  for®  of  letter  X (Fig.  V.  40  and  7.41). 

The  turbulent  boundary  layer,  which  has  high  kinatic  energy,  is 
less  sensitive  and  to  a change  in  the  pressure,  than  laainar  one. 
When,  before  the  juap,  turbulent  layer  is  present,  do  not  appear 
oblique  and  X— sha  ped  juaps  (Fig.  7.42),  since  here  layer  itself  in 
subsonic  part  considerably  thinner  has  saaller  tendency  toward 
breakaway. 
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Pig.  7.39.  Interaction  of  juap  with  the  Laainar  boundary  layer:  a - 
the  noraal  shock  wave;  b - high-speed/velocity  boundary- layer  profile 
before  tha  juap;  z - an  abrupt  change  in  the  pressure  above  the 
boundary  layer  (in  the  supersonic  part  of  boundary  la/er)  1 - free 
flow;  2 - boundary  of  the  free  flow;  3 - supersonic  part  of  boundary 
la.yer;  4 - boundary  line;  5 - subsonic  part  of  boundary  layer;  6 - 
boundary  layer;  7 - the  total  pressure;  8 - wedge  of  pressure;  9 - 
steady  change  in  the  pressure  in  wall  (ia  the  subsonic  part  of 
boundary  layer) . 


Key:  (1)  . Rail.  (2).  Velocity. 

Pig.  7.40.  A— shaped  wave  on  the  case  of  the  laainar  boundary  layer 
before  tha  juap:  1 - high-speed/velocity  profile;  2 - reverse  flow;  3 
- h — shaped  shock  wave;  4 - laainar  boundary  layer. 
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Page  139. 

Bat  as  a whole  resistance  (losses)  in  the  direct/straight  iapact  jump 
of  turbulent  layer  is  aore  than  resistance  in  the  X — shaped  jump  of 
laainar  layer,  since  in  the  first  case  juap  aore  intense  and  passes 
nearer  to  wall. 

To  the  state  of  the  boundary  layer  before  the  juap,  are  exerted 
thenselves  the  effect  both  of  the  Re  nuaber  and  surface  condition. 
Hith  the  saall  Re  nuabers  and  saooth  boundary  layer  surface,  (in 
spite  of  the  large  Hach  nuabers)  will  be  laainar,  which  will  give 
rise  to  of  the  X — shaped  juaps  which  with  an  increase  in  lach  nuaber 
(with  Re=const)  becoae  aore  intense.  Hith  an  increase  in  Re  nuaber 
agd  an  increase  in  the  degree  of  the  roughness  of  boundary  layer 
surface  will  pass  into  turbulent  state  and  will  arise  the  normal 
shock  wave  whose  intensity  with  an  increase  in  Hach  nuaoer  of  the 
incident  flow  also  will  increase. 

The  separation  point  of  flow  behind  shock  waves  (by  straight 
lines  and  X-*-shaped)  with  an  increase  in  Mach  nuaber  is  aoved  froa 
trailing  edge  to  the  basis  of  juap  and  with  certain  Mach  auaber, 
which  depends  on  the  fora  of  body,  breakaway  occurs  froa  under  juap, 
which  causes  the  powerful  eddying  of  flow,  a change  in  tha 
distribution  ef  pressure  on  body,  an  increase  in  the  resistance  and  a 


k. 
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lift  breakdown  (for  an  airfoil/profile). 

At  the  hypersonic  speeds  of  the  phenomenon  in  boundary  layer, 
substantially  they  become  complicated.  Braking  hypersonic  flow  of  gas 
in  shock  waves  and  boundary  layer  leads  to  the  appearance  of  the 
regions  with  high  temperature,  physicochemical  conversions  in  which 
have  great  effect  on  the  course  of  gas. 
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Pig.  T.41.  The  analysis  of  the  X — shaped  shock  nave:  I - large  abrupt 
loss  in  the  noraal  shock  wave;  II  - snail  abrupt  loss  in  oblique 
shock  waves;  III  - large  loss  of  separated  flow  and  frictional 
resistance  1 - sain  noraal  shock  wave;  2 - secondary  oblique  shock 
waves;  3 - laainar  boundary  layer;  4 - wall;  5 - separation  point;  6 
- transition  point;  7 - saall  shock  wave;  8 - stagnant  air;  - 
boundary  layer. 


Pig.  V.42.  Noraal  shock  wave  with  the  turbulent  boundary  layer:  1 - 
high-speed/velocity  airfoil/profiles;  2 - vertical  shock  #ave;  3 - 
turbulent  boundary  layer. 


Page  140. 

Such  processes,  as  dissociation,  ionization,  eeission/radiation,  not 
at  all  are  exhibited  or  they  have  the  low  value  at  tha  low  speeds  of 
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the  course  of  gas.  Their  account  composes  one  of  the  important  sides 
of  the  study  of  high-speed  flows.  Por  describing  thasa  processes,  it 
is  necessary  to  examine  together  with  aerodynamic  ones  also  the 
factors  of  chemistry  and  physics  of  high  temperaturas,  what  composes 
the  object/subject  of  the  investigations  of  the  new  ragion  of 
aeromechanics  - aerothermochemistry. 

At  the  flow  around  plate  of  nitrogen  Nz  and  aguilibrium 
dissociation  the  temperature  in  boundary  layer  at  a low  pressure  of 
approximately  6000°K.  Nitrogen  in  this  case  is  half  dissociated.  If 
dissociation  did  not  occur,  then  the  temperature  at  the  same  pressure 
would  be  about  14^)00oK.  The  effect  of  this  process  on  frictional 
resistance  is  insignificant  (Pig.  V.43).  Effect  on  the  coefficient  of 
heat  exchange  for  air  is  given  in  Pig.  V.44. 
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Fig.  V.43.  Dissociation  effect  on  frictional  resistance:  1 - 
inconpressible  gas;  2 - course  of  gas  talcing  into  account 
dissociation;  3 - course  of  ideal  gas  without  dissociation,  Pr  = 0.75. 


Fig.  V . 44.  Dissociation  effect  on  the  coafficient  of  seat  exchange 
for  air  7»  and  Ta  - teaperature  of  wall  and  external  flow. 


Fig.  V. 45.  The  scheaatic  of  the  field  of  flow,  induce!  with  boundary 
layer  on  flat/plane  plate  at  supersonic  speeds:  1 - jmp;  2 - flow 
line;  3 - boundary  layer  edge. 


Page  141. 


Froa  purely  aerodynanic  special  feature/peculiirities  in 
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boundary  layer  at  hypersonic  speeds,  one  should  first  of  all  note  the 
powerful  inflation  of  boundary  layer  to  the  count  of  the  decrease  of 
density  with  a temperature  rise.  In  this  case,  becoaes  essential  the 
boundary  layer  effect  on  flow  out  of  it,  i-e.,  on  external  inviscid 
flow  (,Fig«  V .45 ) . 

§V . 3 . Measurements  in  boundary  layer. 

The  aeasureaents,  produced  in  boundary  layer,  pursue  the 
target/purpose  of  the  determination  of  the  pattern  of  flow  (laainar 
or  turbulent),  of  distribution  of  the  velocities  and  pressures  in 
boundary  layer,  the  positions  of  the  transition  point  of  layer  from 
laminae  into  turbulent  state,  to  positions  of  the  separation  point  of 
layer,  surface  friction  and  other  characteristics. 


Deter aination  of  the  profile  of  velocities.  The  velocity  profile 
in  the  incoapressible  boundary  layer  is  the  fundaaental 
characteristic,  which  aakes  it  possible  to  determine  virtually  all 
parameters  of  layer  (turbulence  or  laainarity,  surface  friction, 
breakaway,  etc.).  The  deteraination  of  full  speed  is  conducted  by  the 
small-diaaeter  tubes,  which  contribute  insignificant  changes  into  the 
distribution  of  the  velocities  in  boundary  layer.  Selection  of  the 
type  of  tubes  and  their  calibrating  are  the  basic  cell/eleaent , which 
are  deteraining  the  accuracy  of  aeasureaents.  Sane  types  of  the 
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surface  nozzles,  used  for  measuring  the  total  pressura  in  boundary 
layer,  are  given  in  Fig.  V.46. 

Static  pressure  on  surface  is  aeasuted  with  the  aid  of  drainage 
narroif  holes  (on  the  order  of  0.2-0. 3 ■■)  op  the  very  surface. 
Temperature  on  the  body  surface  we  can  be  aeasured  by  the 
thermocouple,  installed  into  the  body  being  investigated. 


Fig.  V.46.  The  surface  cap/ fillings  of  the  total  pressure:  a - 
Stanton's  nozzle;  b - nozzle  of  Feydzh  and  Faulkner. 


Key:  (,1)  • Displaceaent  of  effective  center,  aa.  (2).  Position  of 
effective  center,  an.  (3).  Velocity  on  cap/filling,  a/s. 

Page  142. 

For  Measuring  of  tangents,  that  coapose  velocities  into  boundary 
layer  at  different  distances  from  body,  it  is  necessary  to  have  the 
capability  to  aovi  aicronozzles  along  the  noraal  to  body.  This 
displaceaent  is  conducted  with  the  aid  of  coordinate  spacer  apparatus 
(Pig.  V.  47)  , which  aakes  it  possible  to  pass  entire  the  valocity 
field  in  boundary  layer. 
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The  nozzle,  fasten/strengthened  to  coordinate  spicar  apparatus, 
is  ■<  de  fro*  aedical  needles  by  diameter  - 0.9  ma,  and  intakes  in 
static-pre ssure  tube  are  drilled  by  usual  needle.  Togather  with  the 
careful  calibrating  of  nozzle,  it  is  necessary  to  see  to  it  that  its 
opening/apertures  would  not  be  clogged  by  the  condensad  aoisture. 


r 


Pig.  ? .47.  Coordinate  spacer  apparatus  for  the  passage  of  field  in 
the  boundary  layec:  1 - nozzle  of  static  pressure;  2 - nozzle  of  the 
total  pressure;  3 - aicroaeter  screw/propeller,  40  ehre*cl&/.'tu  ^ » course 
25  aa;  4 - place  of  the  attachaent  of  flexible  drivinj/honing 
cylinder;  5 - regulating  turnbuckle. 


/ 2 J 
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Pig.  V.48.  the  installation  of  nossle  for  studying  the  boundary  layer 
at  high  velocities;  1 - adjustable  wall;  2 - screw/propeller  for 
displacing  the  wire;  3 - optical  glass;  4 - screw/propeller  for  the 
axial  displaceaent  of  nozzle;  5 - nozzle. 


Page  143. 
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Neasu resents  in  boundary  layer  with  large  Mach  nunbers  require 
special  thoroughness  and  need  of  decreasing  the 

1 

disturbance/perturbations,  introduced  into  flow  by  nozzle  and 
bracket,  and  also  the  careful  account  of  pitot  losses  for  the  leading 
shock  wave,  which  appears  before  the  nozzle  in  the  supersonic  part  of 
boundary  layer.  Pigure  V.48  shows  as  exaaple  of  one  o£  the 
installations  for  studying  the  boundary  layer  with  large  velocities 
and  investigation  of  interaction  of  boundary  layer  and  shock  waves. 

If  surface  does  not  have  noticeable  curvature,  i.  e. , it  is  close 
to  flat/plane,  either  is  absent  considerable  pressure  gradient  along 
chord,  or  finally  boundary  layer  has  saall  thickness,  then  it  is 
possible  to  disregard  a change  in  the  static  pressure  along  the 
noraal  to  the  surface  and  to  aeasure  it  only  on  surface.  When  this 
change  cannot  be  disregarded,  it  is  necessary  on  the  coordinate 
spacer  apparatus,  which  aoves  the  nozzle  of  the  total  pressure,  to 
install  additionally  the  nozzle  of  static  pressure  (Fig.  V.  49).  in 
all  cases  special  attention  aust  be  directed  to  the  saallness  of  the 
distur  bance/pertur  bations,  introduced  by  tube: 


1)  to  relative  saallness  of  tube  in  coaparison  wita  ooundary 
layer  thickness  - the  diaaeter  of  tube  it  is  desirable  to  have  not 
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■ore  than  lOo/o  of  the  predicted  boundary  layer  thickness. 

2<)  to  the  account  of  the  mutual  effect  of  the  lower  part  of  the 
tube  and  of  the  arranged/located  about  it  surface,  which  lies  in  the 
fact  that  the  effective  center  of  tube,  to  which  should  relate  the 
■easured  pressure,  differs  froa  the  geoaetric  (see  Fig.  V. 49) . 

3)  to  the  acrount  of  Reynolds  number  whose  low  value  introduces 
the  regular  difference  between  readings  of  the  Bicro-aozzles,  which 
have  of  internalizations  diaaeter  to  0.1  aa  and  by  readings  of  the 
nozzles  of  the  sane  exterior  fora,  but  having  inner  diaaeter  on  the 
order  of  1-2  aa. 

To  aeasure  the  velocity  in  boundary  layer  is  possible  with  the 
aid  of  the  hot-wire  aneaoaeters  by  which  are  recorded  the 
oscillation/vibrations  and  velocity. 
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Pig.  T .49.  The  displacenent  of  the  effective  center  of 

tube  in  the  boundary  layer:  1 - effective  position;  2 
position;  3 - effective  center;  4 - centerline. 


total  pressure 
gaonetric 


Fig.  F . 50.  The  duct/contours  of  the  equal  velocities  in  the  boundary 
layer:  I - laeinar  flow;  II  - transition;  III  - breakaway. 

Page  144. 


The  results  of  measuring  the  distribution  of  the  velocities  in 
boundary  layer  usually  are  depicted  in  the  forn  of  curves  p or 
of  "duct/contours"  of  the  equal  velocities  (Fig.  V.50i#  that  depict 

V 

the  fanily  of  curves,  each  of  which  is  locus  (S,  y),  for  which  j- 
reiainjs  constant.  On  these  curves  it  is  possible  to  note  the 
character  of  boundary- layer  flow  and  to  approxiaately  dateraine  the 
transition  point  of  boundary  layer  froa  laainar  into  turbulent  state. 


Deter aination  of  local  skin  friction  coefficient.  In  a series  of 
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ae roaechanical  problems,  are  deterained  friction  stress  and  local 
skin  friction  coefficient 


Cf 


T 


P»  Y 


The  coaplexity  of  the  experimental  deteraination  of  values  r and  cf 
is  connected  with  the  difficulties  of  aeasuring  of  tha  velocities  and 
pressures  in  boundary  layer.  For  plane-parallel  flov  resistance  of 
friction  of  cylindrical  body  with  generatrix  noraal  to  direction  of 
the  flov 


vhere  £.  - chord;  b - width  of  body;  c , - local  skin  friction 

coefficient. 


The  i aaediata  deteraination  of  frictional  force  by  the  weight 


possible  aethod  (Fig.  V.51)  . 


1 
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Friction  stress  on  wall  can  be  found  also  with  the  aid  of  the 
neasureaents  of  boundary  layer  velocity  profile.  Such  aeasureaents, 
the  produced  by  aicronozzles  total  pressures  and  opening/apertures  on 
wall,  aake  it  possible  to  determine  values  by  the 

extrapolation  of  dependence  v = f {y)  u*  into  point  y*0.  Obtained  values 
T=p^  ^ ^ prove  to  be  insufficiently  precise.  Bore  precise  they  are 
deberained  by  the  aethod,  instituted  with  the  account  of  a change  of 
the  aoaentua  in  boundary  layer  (with  the  known  velocity  pcofile). 

Thus,  for  instance,  for  the  case  of  the  flat-plate  flow  of  the 
unrestricted  flow  in  which  velocity  v does  not  depend  on  the 
longitudinal  coordinate  x,  the  equation  of  aonentua  takes  the  fora 

* 

t = ^ f p(V  — v)vdy, 

where  v - longitudinal  coaponent  the  velocities  in  boindary  layer  at 
a distance  of  y froa  wall. 

Is  possible  also  the  deteraination  of  surface  friction  on  the 
basis  of  velocity  aeasureaents  with  the  aid  of  surfaca  nozzles  in 
point,  very  close  to  the  surface  of  wall  within  the  so-called  laninar 
sublayer.  It  is  hare  assuaed  that  the  velocity  to  zero  on  wall  froa 

the  value,  shown  by  nozzle,  varies  linearly,  i.e., 

0 

v-p-jT. 

where  y - a distance  of  the  effective  center  of  the  nozzle  (see  Fig. 

V.49)  „• 
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It  is  necessary  to  bear  in  Bind,  that  froa  experiaants  according 
to  the  indirect  da teraination  of  the  local  coefficient  of  friction, 
i.e.,  its  deteraiaation  in  boundary  layer  velocity  profile,  one  ought 
not  to  expect  high  accuracy/precision.  This  is  connected  with  the 
fact  that  the  aeasureaent  of  the  distribution  of  the  velocities  in 
iaaediate  proxinity  of  vail  even  in  the  case  of  applying  the  special 
aicro-nozzles  (d^cv  0.2-0. 3 an),  optical  tining  devices  of  coordinate 

y does  not  free  froa  known  arbitrariness  in  the  detera inat ion  of 

- . ^ and  con^enuentlv  also 

value  ^ Yr.  tf>  e ex  peTTaent  s indicated  in  the  aajority  of  the 

cases  bear  qualitative  or  coaparative  character  and  it  is  desirable 
their  results  to  coapare  with  the  results  of  direct  aaasuraaents  (in 
a weight  aanner  or  on  pitot  loss  for  the  case  flow  in  duct)  . 

Deter ainatioa  of  the  position  of  the  transition  point  and 
boundary-layer  separation. 

Page  146. 

The  inforaation  about  the  position  of  the  separation  point  and 
transition  point  gives  the  representation  of  physical  character  of 
flow  and  criteria  for  the  evaluation  of  the  airfoil  caaracteristics 
of  wings,  fuselagas,  bodies  of  revolution  and  siailar  cell/eleaents. 
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and  also  they  serve  for  checking  the  theoretical  and  calculated 
methods  of  their  construction.  By  themselves  the  position  of 
transition  point  and  boundary- layer  separation  do  not  aake  it 
possible  to  unaabi guously  interpret  the  values  of  aerodynaaic 
characteristics  and  into  formulas  for  their  calculation  they  do  not 
enter,  but  it  is  sufficient  reliably  indicated,  in  what  direction  of 
these  of  characteristic  they  will  change. 

Deter aination  of  transition  point.  As  was  already  said  earlier, 
the  transitioa  of  boundary  layer  froa  laminar  state  into  turbulent  is 
accompanied  by  more  rapid  increase  of  velocity  in  proportion  to 
removing  froa  surface  and  by  more  rapid  thickening  of  guite  boundary 
layer.  These  fact3  serve  as  basis  for  the  following  determinations  of 
transition  point: 

1.  Method  of  determining  the  transition  point  from  the 
measurement  of  the  velocity  profile.  If  is  known  profile  of  the 
velocities  in  several  sections  along  chord  or  surface,  then  the 
position  of  transition  point  is  determined  by  the  place  of  a change 
of  the  character  of  airfoil/profile  to  the  side  of  the  larger 
slope/transconductance  of  the  growth/build-up  of  velocity  on  rigid 
surface.  This  aethod  is  sufficiently  complex  and  laborious  and 
usually  it  they  use  when  the  velocity  profile  aust  be  determined, 
also,  for  other  target/purposes. 


I 
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2.  Method,  instituted  on  determination  of  turbulant  ones  of 
pulsation.  Since  transition  in  laminar  boundary  layer  to  turbulent 
flow  conditions  is  accompanied  by  the  beginning  of  tha  intense 
pulsations  of  velocity,  the  place  of  origin  of  the  latter  indicates 
the  position  of  transition  point.  Turbulent  pulsations  coi paratively 
simply  are  detected  with  the  aid  of  the  nozzle  of  total  pressure 
connected  to  low-inertia  manometer  or  with  the  aid  of  the  hot-wire 
anemometer,  connected  to  oscillograph.  Nozzle  in  these  experiments  it 
is  necessary  to  move  along  wall  frcm  front/leading  to  trailing  edge 
and  always  to  follow  the  readings  (manometer  or  oscillograph). 

3.  Method  of  measuring  total  pressures.  The  nozzle  of  the  total 
pressure  (or  the  sensor  of  hot-wire  anemometer),  moved  directly  along 
wall  over  surface  in  the  direction  of  the  flow,  which  flows  around 
body,  falling  into  the  region  of  transition,  it  will  show  a 
noticeable  increase  in  the  total  pressure.  This  they  till  be 
explained  by  the  fact  that  in  the  transient  and  turbulent  regions  of 
boundary  layer  during  removing  from  surface  the  velocity  grow/rises 
faster  than  in  laminar  boundary  layer.  In  a series  of  cases  the  total 
pressure  is  determined  not  by  displacement  of  one  and  the  same  nozzle 
(which  is  complicatedly  - it  is  necessary  coordinate  spacar  apparatus 
and  other  devices)  , but  by  the  establishment  of  certain  gaantity  of 
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nozzles  ("  houses"i , of  the  total  pressure,  placed  on  body  after  each 
other  in  the  direction  of  flow.  So  that  the  nozzles  would  not  affect 
each  other  they  they  are  placed  not  into  "back",  but  with 
displaceae  nt. 

4.  Visual  ani  optical  aethods.  These  aethods  ate  described  in 
§V II. 6. 


r 


1 
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Page  294. 

Chapter  VIII. 

Aerodynanic  characteristics  of  different  bodies. 

C 

Plat/plana  plate.  Sphere,  cylinder. 

In  the  overwhelming  majority  of  the  cases,  aeromachanical 

investigations  are  conducted  for  obtaining  cne  or  the  othar 

characteristics  in  connection  with  the  varied  conditions  of  flow  or 

motion  of  bodies.  To  these  characteristics  first  of  aLl  they  are 

related  aerodynanic  force  coefficients,  values  of  overpressures  in 

different  points  of  body,  the  coefficients  cf  friction,  the 
Qilt4r»  bu|  ii>a, 

temperature/^  physic  ochenical  parameters  of  the  gas,  which  flows  around 
body,  etc.  In  many  instances  it  is  required  on  the  basis  of 
ae ronechanical  measurements  to  determine  the  losses  of  pressure  or 
the  resistance  and  the  parameters  of  gas  during  its  notion  in 

cond  nit/  mm  mi  folds  or  channels  of  divorse  fora,  characteristic  of  the 
aeromechanical  devices  and  machines  as,  for  example,  the  pressure 

recovery  coefficient  of  the  diffusion,  efficiency  of  the  propeller, 
and  flow  rate  of  fan,  compression  ratio  of  compressor,  etc. 


] 


0 f 2 S 10 


Fig.  Till. 1 . Dependence  of  the  drag  coefficient  of  flat/plane  plate, 
establish/installed  across  flow,  on  Re  nueber. 


Page  2 95. 

Flat/plane  plate.  The  aerodynaaic  investigations  of  flat/plane 
thin  plate  occupy  the  considerable  place  in  aeroaechaniss.  This  is 
explained  by  the  fact  that  siailar  flow  is  encountered  in  aany 
aeroaechan ical  derices  (fine/thin  airfoil/profiles,  will  nf  channel, 
etc.).  Special  place  occupy  the  investigations  on  the  flat/plane 
plate  of  boundary  layer,  which  are  supporting/reference  ones  for  aany 
theoretical  investigations. 

The  drag  coefficient  of  the  flat/plane  plate, 
establish/installed  across  flow,  is  graphically  depicted  in  Fig. 
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7111.1.  Distribution  of  pressure  according  to  plate  dapanling  on 
angle  of  attack  is  given  on  Fig.  VIII. 2,  and  the  obtained  on  basis 
distributions  of  pressure  the  value  of  coefficients  cx  and  c y — in 
Pig.  VIII.  3.  As  can  be  seen  from  figures,  cx  plate  with  Re  > 1000  is 
virtually  constant  and  coaposes  1.12  (or  1 .16)  . With  Ra  < 1000  for  the 
circular  plate 

MJ,H  + §)• 

Key:  Cl)  . or. 

In  the  presence  of  opening/aperture  with  a diaaetar  of  d in 
circular  plate  cx  it  varies  approximately  parabolical  ly  froa  1.16 
(with  d=0. 2D)  to  1.78  (with  d=O.BD). 
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Pig.  Till.  2.  Distribution  of  pressure  according  to  plite  depending  on 
ajgle  of  attack.  . v . r r* 

m.  Surface. 


Pig.  Till.  3.  Dependence  of  coefficients  cY,  cn  -/ (a)  ud(x-/(«i  for  a 

flat/plane  plate. 


Page  296. 


for  a square  plate  the  drag  coefficient  tx  is  conditionally 
taken  as  the  equal  to  1.28  » (uith  Be  * 6.2«10*  c x—  1,15).' 
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FOOTNOTE  >•  Square  flat/plane  plate  in  aviation  calculations  is 
applied  soaetiaes  as  standard  for  bringing  to  it  the  resistance  of 
coapounds,  for  exaaple  aircraft. fn  these  cases  they  tall  about 
"equivalent  flat/plane  plate",  i.e.,  the  plate  of  this  area,  which 
cx  "■  1.28  has  the  saae  resistance  as  the  ccapared  with  it  aircraft. 
ENDPOOTNOTB. 


For  a rectangular  plate  the  coefficient  cx  depends  on  the 
relationship/ratio  of  sides  (Fig.  Till.  4). 

Fine/thin  cup-  henisphere  in  flow  direction  insiie  it  has  cx  = 
1.43  (Re  = 4.5*10*),  and  during  its  flow  fron  spherical  side  Cx  ~ ' 
0.35  (for  Re  = 4.5*10*). 

The  coefficient  of  friction  drag  of  the  longitudinally 
streaalined  fine/thin  flat/plane  plate  depends  on  the  state  of  its 
surface  and  Re  nuabers  and  H. 

In  laainar  zone  of  flow,  according  to  Blasius's  Law  (i.e.  for  Re 
nuabers  < 5*1Q*  -5  • 10*),  the  coefficient  of  friction  irag  of  the 
plate,  aoistened  on  the  one  hand: 


DOC  = 78201 1Q4 


PAGE 


where 


here  / — longitudi nal  size/dinension  of  plate. 

Boundary  layer  thickness  at  a distance  x froa  leading  edge  can 
be  found  froa  the  expression 


"the  displaceaent  thickness  of  the  boundary  layer 

is  the  physically  aore  specific  neasure.  This  is  average  distance,  up 
to  which  they  are  aoved  aside  froa  body  along  the  noraal  to  it  of  the 
flew  line  of  external  flow  as  a result  of  the  education/f oraation  of 
boundary  layer.  Pot  a plat*  6*=1/36  or 

«*-l,73  \TZL. 
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Pig.  fill.  4.  Dependence  of  the  coefficient  v of  flat/plane  plate  on 
the  ratio/ relation  of  sides. 


Page  2 97. 


The  aoaentua  thickness,  which  occurs  as  a result  of 
boundary-layer  friction 


6** 


composes  0,664 


The  distribution  of  the  velocities  in  laainac  layer  on  the 
longitudinally  streaalined  flat/plane  plate  is  represented  in  Pig. 
fill. 5.  During  an  increase  in  Re  nuaber,  the  boundary  layer  on  plate 
transfer/converts  froa  laainar  into  turbulent  state.  This  transition 
is  coapleted  with  nuabers  Re=0.5*10».  In  this  case,  i3  observed  the 


A 


-/«/ 


TUI.  5«  Oistr  ibatioi  of  the  Ttlocitits  in  laeinar  boundary  layer 
on  the  flat/plane  plate,  strea alined  lengthwise  (on  aeasurenents  of 
Pikeradse)  . 

Pegs  298. 


Pornula  for  cf  is  valid,  if  boundary  layer  on  an  entire  plate, 
beginning  with,  leading  edge,  turbulent.  However,  in  actuality  on  the 
part  of  the  plate,  boundary  layer  will  be  iaainar,  that  to  decrease 
the  frictional  resistance.  Under  these  conditions  for  a boundary 
inyer,  the  frictional  resistance 

0,074  _ A* 

VK  Re’ 

where  by  A*  Is  determined  bv  the  position  o'  transition  point 
and  depends  on  he  number,  with  which  In  boundary  laver  is  completed 
the  chanpinr  over  from  laminarv  to  turbulent  'low  Re^i 

Re,,  — 3-IO»;  S-  10»;  I0»;  3-10* 

Aa—  1000;  1700;  3300;  8700 
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The  dependence  of  the  coefficient  of  friction  on  Be  numbers  is 
represented  in  Pig.  VIII. 6. 

The  resistance  of  rough  plate  is  greater  than  resistance  of 
smooth,  and  it  depends  on  relative  roughness,  i.e.,  on  the  ratio  of 
the  height/altitul e of  the  proainence/prot u terances  of  roughness  K to 
boundary  layer  thickness.  For  technology  has  high  value  as  the  called 
peraissible  degree  of  roughness,  i.e.,  that  ceiling  oE  roughness 
eleaents,  which  during  the  flow  around  wall  does  not  yet  produce  an 
increase  in  the  resistance  in  comparison  with  the  resistance  of 
saooth  plate.  For  deter aioatioa  K„,  (Fig.  VIII.  7)  it  is  possible  to 
use  the  expression 

Key:  (1) . or. 


A 


W-'  1*2253  4 56  S,pi  15  225J*  JSS  vU5t&34  S 6 B i0H5Z2S3  4 SS  t aslJ5  22fiJ4  S v 

Pig.  PHI. 6.  The  dependence  of  the  coefficient  of  friction  for  the 

saooth  flat/plane  plate:  1 - on  Rlasius  for  laeinar  fLov;  2 - for 
transition  conditi ons/aode;  3 - for  turbulent  flow  (Pcandtl 
Schlichting)  . 

Page  2 99. 

In  the  flow  around  plate  of  the  flow  high  velocity  essential 
effect  on  boundary  layer  exerts  teaperature  field,  or  taaperature 
boundary  layer  (Pig.  VIII.  8).  If  at  the  low  speeds  of  flow  heat  from 
hot  body  is  spread  into  the  environment  virtually  evenly  in  all 
directions,  then  at  high  velocities  the  zone  of  flow,  which  undergoes 
heating,  forms  narrow  tone  around  body  and  long  trace  of  the  heated 
liquid  of  behind  of  it,  in  which  changes  of  the  teaperature  cause 
substantial  changes  in  the  viscosity1. 
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FOQTNOTB 


».  JH#.  1/2  < w < 1;  for  0°C  w = 0.8.  For  low 


temperatures  w * 1,  for  high  ones  - u = 0.5.  ENDFOOTN7TE. 


Furthermore,  appears  the  need  for  considering  the  effect  of  Hach 
number  (Fig-  VIII.  9)  , which  characterizes  in  this  case  increase 
temperature,  caused  by  adiabatic  compression,  and  number  of  Prandtl 


rv  Wp 

Pr  =—. 


The  temoe^atu’-e  o'*  the  wall  ■’tael''1 

r.=7'00(i  + V'P?x-^M*). 


Pig.  Till.  7.  Permissible  heigh t/al tit ude  of  roughness. 

Page  300. 

Por  air  |(x=l,4  Pr  * 0.716) 

Te=  Tcofl  +0.I69M*). 

Jf  flow  occurs  with  so  high  a velocity,  that  in  tha  vicinity  of 
body  are  foraed  the  regions  in  which  the  local  velocity  of  flow 
exceeds  the  speed  of  sound,  then  in  the  places  of  the  transition 
supersonic  velocity  into  subsonic  appear  shock  waves.  Their 
energence,  as  was  shown  in  §T. 3,  strongly  affects  the  character  of 
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boundary-layer  flow.  In  turn,  the  shock  waves  affect  the  flow 
pattern.  The  part  of  boundary  layer,  aost  close  to  wall,  aoves  in  any 
event  with  subsonic  speed.  Juaps  appear  in  area  of  supersonic  speeds: 
iq  external  flow  they  cannot  "teach"  the  wall  and  is  foraed  the 
systea  of  x — shaped  juaps.  In  this  case,  pressure  gradient  along  wall 
in  the  zone  of  ju«  p is  considerably  weaker  than  in  external  flow 
(Pig.  TUI.  10). 

After  juap  the  boundary  layer  thickness  increases,  aoreover  for 
a laainar  layer  this  build-up  considerable,  than  for  turbulent.  In 
the  zone  of  juap,  there  are  considerable  pressure  gradients  in  the 
direction,  noraal  to  wall,  naaely:  to  juap  in  proportion  to 
re aova 1/di  stance  6 roa  wall,  the  pressure  falls,  and  after  juap,  on 
the  contrary,  it  is  powerful  it  increases. 


— — - - — JM 

I 
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Pig.  9111. 8.  Results  of  seasariog  its  own  temperature  of  the 
flat/plane  plate,  streamlined  lengthwise  and  turbulent  boundary 
layer. 

Key:  (1).  Theory.  (2).  Laminar.  (3).  Turbulent. 


Pig.  Till. 9.  the  distribution  of  the  velocities  in  ths  compressed 
laminar  boundary  layer  on  the  flat /plane  plate  (heat  tnnsfer  is 
absent)  . 

Page  301 . 
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Thereby  is  disrupted  the  main  assumption,  which  lies  it  the  basis  of 
the  calculation  the  boundary  layer,  namely  the  assiaption  of  the 
extreme  smallness  of  pressure  gradient  in  the  direction,  normal  to 
wall.  Furthermore,  in  the  zone  of  jump  the  gradients  of  velocity 
dv/dx  and  dv/dy  along  plate  and  along  the  normal  to  it  ire  identical 
with  respect  to  the  orders  of  their  magnitudes,  what  into  its  turn 
leads  to  nonobservance  and  another  important  assumption  of 
boundary-layer  theory  - about  the  possibility  of  neglact  in  equations 
cf  notion  by  the  square  of  the  gradient  of  tangential  velocity  as  by 
low  value  in  comparison  with  the  square  of  the  gradieit  of  normal 
velocity.  On  thesa  reasons  the  theoretical  analysis  of  interaction  of 
jump  with  boundary  layer  meets  the  unsuraoonted,  until  now, 
difficulties  and  here  widely  are  utilized  different  experimental 
methods  of  study. 

Characteristics  of  sphere  (sphere).  To  determining  the 
characteristics  of  sphere  are  devoted  many  experimental  and 
theoretical  studies,  moreover  considerable  place  thay  occupy  the 
measurement  of  tha  distribution  of  pressure  and  of  frontal  resistance 
of  spfcrere  under  the  varied  conditions  of  its  flow  (Be  numbers  and 
•)  (for  example,  see  Fig.  T.  19).  Figure  V.17  depicts  data  according 
to  tbe  distribution  of  pressure  for  a sphere  during  different 
condit>ions/nodes  of  flow.  The  values  of  the  drag  coefficient  of 
sphere  depending  on  Be  number  are  shown  on  Fig.  (VIII. 11,  and  to 
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dependence  on  Re  nunbers  and  B - in  Fig.  Till.  12.  Exiapla  of  the 
distribution  of  pressure  according  to  sphere  when  B = 0. 7 - in  Pig. 
Till  .13. 


Pig.  fill.  10.  £sobars  of  shock  wars  with  laainar  boundary  layer  (X- 
j«i  ap)  • 

Kef:  (1).  Rain  juap.  (2).  Oblique  shock. 

Page  302. 

is  can  be  sean  froa  Pig.  Till.  13,  with  nuaber  11=3.7  on  sphere, 
appear  the  shock  waves  (at  80  and  280°)  , which  leads  to  an  increase 
iq  the  coefficient  cx  (Pig*  fill.  12). 

Given  data  sarved  in  essence  for  conparison  and  a valuation  of 
the  streaa  conditions  and  turbulence  in  wind  tunnels,  and  also 
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comparison  of  the  conclusions  of  the  theory  of  an  ideal  liquid  with 
results  of  experiment.  In  recent  years,  in  connection  with 
development  of  jet  technology  and  space  flights,  determining  the 
aerodynamic  characteristics  of  sphere  at  supersonic  and  hypersonic 
speeds  began  to  occupy  the  extremely  large  place  in  aerodynamic 
investigat ions. 
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Pig.  Till.  12.  Dependence  of  the  drag  coefficient  of  sphere  on  Re 
numbers  and  N. 

Page  303. 

This  is  explained  by  the  fact  that  in  a series  of  cases  the  space 
objects  are  sphere.  Furthermore,  the  aerodynamic  and  physico  chemical 
processes,  which  occur  on  sphere,  especially  in  the  vicinity  of 
front/leai  ing  critical  point,  are  similar  to  the  phenomena,  talcing 
place  on  the  nose  sections  cf  rocket  and  other  bodies,  which  fly  with 
high  supersonic  velocities.  On  by  these  to  reasons  to  the 
investigation  of  frontal  resistance  of  spheres,  position 
(departure/withdrawal)  of  shock  wave,  to  the  distribution  of  the 
temperatures  and  pressures  and  other  characteristics  in  dapendence  on 
Each  numbers.  Be,  Pr,  x and  the  like  devoted  considerable  number 
both  of  theoretical  and  experimental  works. 

In  reoent  years  receive  increasing  propagation  the  spherical 
construction/designs  of  different  designation/purpose,  calculation 
for  strength  of  which  requires  the  knowledge  of  the  distribution  of 
pressure  and  drag  with  the  large  Re  numbers  (Re>10r  - 10*).  Figure 
Till.  14  depicts  to  the  photograph  of  shock  waves  during  the  flow 
areund  hemisphere  of  the  supersonic  flow.  Theoretical  distribution  of 

pressure  and  value  of  the  departure/vithd ravel  of  shock  wave  on 
sphere  and  bleated  bodies  with  different  Bach  number*  of  the  incident 

flew  is  given  in  Pig.  Till.  15  and  Till. 16*  where  is  aLso  given  the 
coaperisoa  of  calculations  (solid  line)  with  experiseat  (point). 


PAGE  <&r 


Pig.  Till.  13.  Distribution  of  pressure  according  to  sphera  with  n=0.7 


Pig.  Till.  14.  Plow  around  hemisphere  of  the  supersonic  flow 
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Page  304. 

The  character  of  the  dependence  of  the  dcag  coefficient  on  Hach 
number  of  large  Reynolds  nunbers,  obtained  in  the  hyparsonic  tunnel 
of  low  density  LD9  (center  of  Pig.  in  Arnold,  OSA)  is  shown  on  Pig. 
VIII .1 7. 

Characteristics  of  cylinder.  To  deternining  the  characteristics 
of  cylinder,  just  as  sphere,  are  devoted  nany  different 
investigations.  Cylindrical  cell/elements  widely  are  encountered  in 
various  flight  vehicles,  and  also  constructions  and 
construction/designs,  streamlined  with  the  flow  of  gas  or  liguid. 

The  distribution  of  pressure  according  to  the  surface  of  round 
cylinder  is  represented  in  Fig.  VIII. 18,  and  dependence  its  drag 
coefficient  on  Re  nuaber  is  given  in  Pig.  VIII.  19.  The  critical  Re 
number  for  cylinder  is  equal  approximately  3«10s,  after  this 
boundary>layer  flow  from  laminar  transfer /converts  into  turbulent 
state  and  occurs  (by  analogy  with  sphere)  the  sharp  decrease  of  drag 


coefficient 
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Pig.  Till. IS.  The  distribution  of  pressure  in  the  forward  section  of 

/ 

the  sphere  and  other  bodies:  1 - end/face  with  rounding;  2 - segaent 
•*-  ,30°;  3 - ellipsoid  6=2;  4 - sphere. 


Fig.  PHI.  16.  The  departnre/sithdr aval  of  shock  wave  in  dependence 
froa  Hach  nunber:  1 - circular  cylinder,  2 - ellipsoid  6=2;  3 - 


■ 


Pig.  VIII.  17.  Resistance  of  sphere  with  the  large  Re  nunbers  and  N 
(Re=0.  4- 2»  10‘)  . 


Page  305. 

is  can  be  seen  froa  Pig.  VIII. 20,  at  the  initial  lament  of 
accelerati  on/dispa  rsal  (Fig.  VIII.  20a)  the  picture  of  flow  is  close 
to  potential  ( irrotat ional)  . Subsequently  begins  the  oreakavay  at 
rear  critical  point  (Pig.  VIII. 20b).  Point  is  aoved  bick/ago  against 
the  current  (Pig.  VIII. 20c)  and  are  formed  two  concentrated 
eddy/vortices  (Fig.  VIII.  20  dr  e)  which  as  a result  of  instability 
decoapose  and  are  taken  away  by  external  flow.  After  cylinder  is 
foraed  the  fluctuating  flow,  which  creates  the  distribution  of 
pressure,  different  froa  theoretical  (Pig.  VIII. 21).  rha  saae 
character  of  the  flow  around  cylinder  occurs,  also,  at  high 
velocities. 

Presented  fasts  have  high  value  for  deteraiaiag  of  leads  and 
flacteatioss  of  cylinder  in  flow. 
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Fig.  Till. 18.  The  distribution  of  pressure  on  the  surface  of  round 

cylinder  with  subcritical  (R<-v>kp=  1 .86*  1 0s)  and  supercritical 

*|> 

^ * 6.7*  10*)  Reynolds  nuabers:  1 - subcritical;  2 - supercritical 
3 - theoretical- 


rig.  Till.  19.  Dependence  of  tie  drag  coefficient  of  tie  r:>und 
cylinder  on  Reynolds  nuaber. 


Pig.  VIII.  20.  Edusatioa/f  or  nation  of  eddy/vortex  duciig  the  flow 
around  of  cylinder*  nowice  froa  state  of  rest. 


Pig.  Till.  21.  Neasurenwnt  of  the  distribatioe  of  pressure  about 
cylinder  upon  acca leration/dispersal.  To  dash  of  lines  shown 
theoretical  distribution  of  pressure  for  steady  flow. 
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Pig.  Till.  22.  Dependence  Sh^f (Re)  foe  a cylinder. 
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For  the  purpose  of  the  reduction  of  frequency  and  amplitude  of  the 
pulsations  of  pressure,  is  accepted  the  nunber  of  neasures  for  change 
the  character  of  the  flows  around  cylinder,  sain  targa t/purpose  of 
which  is  the  prevention  of  the  resonance  of  the  frequency  of  exciting 
force  and  the  nataral  frequencies  of  oscillation  of 

coqstruction/desijn.  As  showed  different  investigations,  pulsations 
of  pressure  after  cylinder  they  correspond  over  a wide  range  of  Re 
nuabers  to  Strouhal  nuaber  SA«  — n*  0.2  (Fig.  Till. 22  and  VIII. 23). 
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As  can  be  seen  fron  Fig.  VIII. 23  because  of  superstructures  it  is 
possible  to  change  strouhal  nunber  and  to  leave  fron  the  dangerous 
fcr  construction/design  zone  of  the  ripple  frequencies  of  pressure. 

Hith  the  character  of  the  flow  around  cylinder,  is  connected  the 
tenperature  field  around  it  (Pig.  Vlll.24)  . 


Pig.  fill.  2*.  Dap* atone*  of  > nasal t nuaber  for  a rounl  cylinder  on  Re 
naabar  *«(<«  - ioa*Q 
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Page  3 09. 

This  character,  temperature  distributions  is  retained  to  high 
nbaoaic  speeds.  The  average  value  of  the  local  its  ovn  temperature 
T,  at  transverse  flow  for  an  unheated  cylinder  can  be  determined 
according  to  the  empirical  dependence 

(r,-7\,A~0.7. 

"So 

0 

0n  the  resistance  of  cylinders  essential  effect  exerts  the 
degree  of  the  roughness  of  its  surface  (Pig.  VIII.  25). 
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Pig.  Till. 25.  Resistance  of  round  cylinder  with  different  roughness 
of  its  surface. 


^Sigilijigs 

mmasmuBSSti 

Eammaamsl 

!■■■■■■■■■■■■■■■■ 


1 


i.t  Jia 


Pig.  Till. 26.  cx»/(Rc)  cylinders  with  different  superstructures 
(racks) . 


Pa  ge  31 0. 
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In  the  practice  of  the  construction  of  the  various  kinds  of 
construction/designs,  for  example  conduit/aanif olds,  tha  cylindrical 
cell/eleaa nts  used  are  smooth,  but  have  various  kinds  projections 
(roughness  on  surface).  To  a nuaber  of  such  cell/ele aa nts  can  be 
referred  the  superstructures  and  the  coabs  , which  are  one  of  the 
resources  of  the  reduction  cf  the  aaplitudes  of  the  oscillating  body, 
and  also  the  lining  racks,  employees  for  a preservation  from  the 
damages  to  insulation/isolation  of  the  conduit/aanif ol ds,  placed  on 
the  bottoa  of  rivers.  The  drag  coefficients  of  this  type  of  cylinders 
differ  significantly  froa  values  cx  for  saooth  cylinders. 

Pigure  VIII. 2 6 depicts  to  dependence  f (Re)  of  very  rough  of 
cylinders  k/D=  3-9  O0~*.  As  can  be  sees  from  diagrams,  cx  the  very 
roagh  cylinders  of  aore  than  value  Oc  for  saooth  cylinders;  the 
transition  of  laainar  layer  into  turbulent  and  independence  cx  froa 
Re  number  begins  in  rough  cylinders  with  Re^3«10sr  but  in  saooth  ones 
- with;  Re^6*  10*.  The  device  of  vertical  coahs  on  cylinders  leads  to 
an  increaae  cx  to  1.35  in  comparison  with  c* = 0.6  for  cylinders 
with  horizontal  cell/eleaents  (Fig.  VIII.  27).  The  characteristics  of 
c/linders  with  ova r loads  are  given  in  Fig.  nil. 28.  Tae  effect  of 
different  superstructures  on  cylinder  on  lift  coefficient  is  shown  on 
Fig.  VIII.  29. 
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Fuselages  of  aircraft  and  projectiles,  dirigibles  and  torpedoes, 
rockets  and  artificial  satellites  of  the  Earth  are  actually  the 
bodies  of  revolution  of  various  foras.  For  bodies  of  revolution 
depending  on  the  velocity  of  their  aotion  the  doainant  role  play 
these  or  other  the  characteristics.  At  coaparatively  Low  speeds  the 
fora  of  body  of  revolution  aust  possess  the  saallest  possible 
resistance.  At  high  supersonic  and  hypersonic  speeds  the  value  which 
is  not  saaller  acguire  the  theraal  phenoaena  and  the  connected  with 
thea  physico-cheaical  processes,  which  occur  in  the  vicinity  of  body 
and  its  surface. 

At  saall  subsonic  velocities  the  resistance  of  bodies  of 
revolution  with  the  saoothly  outlined  forms  in  essence  connected  with 
friction  depends  on  the  thickness  (coapleteness)  of  body.  The  typical 
distribution  of  pressure  on  body  of  revolution  is  represented  in  Fig. 
11.26.  Figure  V1I1.32  shows  the  aerodynaaic  characteristics  of  the 
fuselage  of  aircraft  at  low  speeds. 


Fig.  Till.  32.  Aeradynaaic  characteristics  of  fuselage. 


Page  313 
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where  c,  — coefficient  of  the  >f  flat/plane  plate,  depending 

on  le  number  (Fig.  VIII.  34); 

S*.  — body  surface  of  rotation; 

SM  — area  of  aaxiaua  cross  section; 

’'•“"the  correction  factor,  which  considers  the  difference  for 
the  resistance  of  body  of  revolution  froa  the  frictional  resistance 
of  flat/plane  plate  (Fig.  VIII.  15). 
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FOOTNOTE  1 . The  aajority  of  the  given  below  expressions  for 
determining  the  resistance  and  other  characteristics  of  bodies  of 
revolution  is  obtained  on  the  basis  of  processing  experiiantal  data. 
ENDFOOTNOTE. 


In  the  presence  of  different  fori  of  superstruct ares  on  body  of 
revolution,  increases  the  drag  coefficient 


Cu 


-t  he 


x< 


where  bcx—  a drag  coefficient  of  those  cell/eleients  of  the 
superstructures  which  it  is  difficult  to  isolate  froa  aaxiiui  cross 
section  of  the  fuselage. 


page/35 


n 

i — | 


Fig.  Till.  33.  Dependence  of  coefficient  = / (^. .*) 


Pig.  Till.  34 . e,  = /(Re)  for  a flat/plane  plate. 


Pig.  TIIL  35.  Dependence  cf  coefficient  «ie  = /(l*) 


Page  314. 
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Value  S«.  varies  within  considerable  lieits,  for  exaaple  for 

antenna  ones  fighter  it  coeposes  0.01,  for  the  eotionless  eachine  gun 

0,001  —0,004 

of  boeber  - 0.03  for  the  canopy  of  cockpit41""  A and  the  like. 

The  dependence  of  the  coefficient  of  frontal  resistance  of  the 
bodies  of  revolution  of  different  elongation  on  Bach  nunber  is  given 
in  Pig.  VI11.36.  A reduction  in  this  resistance  at  hijh  velocities  is 
possible  by  an  increase  in  the  elongation  and  inparting  to  the 
forward  section  of  this  forn  that  would  not  appear  the  peaks  of 
evacuation/rarefaction,  leading  to  the  eiucation/f oraa tion  of  shock 
waves.  In  this  case,  considerably  increases  m„p  (Fig.  VIII. 36),  which 
for  thre  slin  fuselages  can  achieve  alaost  = I (with  c- l5o/o,  M,,  = 

« 0-95). 

By  others  the  nethod  of  decreasing  the  resistance  of  bodies  of 

revolution  is  iaparting  to  then  the  laninar  fora,  w;  ti  which  naxinua 

s 

thickness  is  displaced  back/ago  to  UO-tOo/o  of  length  of  body,  and 
the  decrease  of  the  surface  roughness.  The  transition  point  of 
laainar  boundary  layer  into  turbulent  in  siailar  type  fuselages  with 
the  large  Be  nuabars  lie/rests  at  a distance  of  70-80o/o  of  length  of 
fuselage.  Coaparison  “ f (H)  for  the  isual  and  laainated  fuselages 
is  given  in  Pig.  VIII.  37,  where  is  also  shown  the  effect  of  the 


J 
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sucking  action  of  pluae  exhaust  of  the  engine,  placed  in  the  rear 
portion  of  the  fuselage.  It  should  be  noted  that  very  lo*  resistance 
have  the  bodies  of  revolution  of  the  parabolic  fora,  foraed,  for 
exaaple,  by  rotation  around  the  axle/axis  of  the  curva  of  fora  r=2t ( 
x-x*)  (Fig.  VIII. 3 8). 


Fig.  Till.  36.  Depandenoe  of  the  drag  coefficient  of  bod/  of 
revolution  on  its  elongation  and  Mach  nuaber 


Tig.  Till. 37.  The  comparison  of  the  drag  coefficients  of  the  usual 
and  laninarized  fuselages:  1 - classical  fuselage  vitiout  jet  engine; 
2 - the  saae,  with  jet  engine;  3 - lasinar  fuselage  uithout  jet 


engine;  4 - the  sue,  with  jet  engine. 


J 
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Page  315. 

lith  an  increase  in  the  velocity  to  snail  supersonic  the 
resistance  of  the  streamlined  bodies  of  revolution  depends  nainly  on 
losses  in  bow  shoo  As.  These  losses  depend  on  velocity  and  forn  of 
nose  section.  As  a whole  resistance  will  be  composed  of  wave 
impedance,  frictional  resistance  and  of  tire  bottom,  caused  by 
evacuation/rarefaction  after  the  bottom  body  (fuselage,  projectile, 
etc.) . 


Experiments  show  that  the  resistance  of  bodies  of  revolution  at 
supersonic  speeds  in  high  degree  depends  on  the  angle  of  taper  of 
nose  section.  Table  Till. 1 depicts  the  values  of  the  coefficient  of 
pressure  p depending  on  nach  number  on  projectiles  with  different 
oonical  in  ob/cap  of  numbers  H=1. 1-3.5.  As  can  be  seen  from  these 
data,  the  lesser  the  angle  of  taper,  the  lesser  the  resistance. 

As  can  be  set  n from  table  Till.  1 during  the  flow  around 
projectile  of  the  supersonic  flow,  pressure  on  the  bottom  falls, 
which  causes  the  supplementary  resistance,  called  bottom.  The 
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resistance  of  taiL  section  can  be  decreased  because  of  imparting  to 
it  of  conicity. 

He  nunber  is  the  very  important  parameter,  shich  characterizes 
resistance  at  high  velocities. 
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Pig.  VIII. 38.  Optiaiu  value  of  the  thickness  ratio  of  fuselage  taking 
into  account  surface  friction. 


Table  VIII.  1.  Ratio  of  pressure  on  the  surface  of  projectile  and 
pressure  in  the  incident  flow  depending  on  the  angle  p of  the 
dissolution  of  tha  cone  of  the  nose  section  and  Mach  nuaber 


M 

~m 

KOMyCHBfl 

UCIh 

— m — 

UNJffflMpHV*' 

CUt  thCTk 

a no 

20* 

Mi 

0,64 

0,64 

0,48 

1,6 

1,18 

0,72 

0,51 

2.0 

1,28 

0,75 

0,49 

3,5 

1,74 

0,74 

0,37 

1,6 

1,67 

0,62 

0,45 

2,0 

1,92 

0,65 

0,43 

3,5 

3,45 

0,69 

0,73 

«r 

2.0 

2,8 

0,64 

0,44 

3,5 

0,70 

0,40 

Key:  (1)*  Conical  part.  (2).  Cylindrical  part.  (3).  Bottoa. 

Page  316. 

Despite  the  fact  that  with  an  increase  in  the  Bach  nuaber  due  to 
slope  deviation  of  bow  shock  total  coefficient  cx  falls,  resistance 
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froa  an  increase  in  the  Each  nuaber  sharply  grow/rises  due  to  an 
increase  of  velocity  head. 

rave  impedance  and  frictional  resistance  body  of  revolution  are 
called  head  resistance.  Coefficient  of  total  drag  cx: 

cx  = cx*  + cxtr+cxa~- 

The  coefficient  oi  wave  iapedance  depends  both  on  the  Each 
nuaber  and  fora  and  elongation  of  body  of  revolution.  Por  the  body  of 
revolation,  comprised  of  conical  cell/eleaents  (Fig.  VIII.  39)  t value 
can  ba  found  froa  the  approxiaate  dependence 

c* . = 0,02  (0.8  + M.*)  [(( W*  •’  + UW* ’ • (l  - -£)] . 
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Pig.  VIII.  39.  Pons  of  the  bodies  of  revolution,  comprised  of  conical 
cell/elesents. 


Pig.  VIII. 40.  Change  of  the  coefficient  of  head  resistance  in 
dependence  on  Be  nusber. 

»a$e  317. 


Por  fine/thia  bodies  of  revolution  with  arbitrary  generatrix 
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«*.  = 0,4l5f/>„ 

where 

<f  Sr  0,8. 

Lf  body  o£  revolution  is  very  fine/thin,  then 

Cjr.-l.171-*. 

Proa  last/latter  expression  it  is  evident  that  in  this  case  the 
wave  iapedance  depends  only  on  the  value  of  elongation. 

The  coefficient  of  friction  drag  of  bodies  of  revolution  depends 
oa  the  character  of  boundary-layer  flow,  surface  condition  of  Re 
number  and  of  fora  of  body  (Fig.  VIII. U0)  . Experiments  show  that  head 
resistance  (cx . 4- .*)  with  turbulent  boundary  layer  approximately  to 
20o/o  is  aore  than  resistance  with  laminar.  It  aust  be  noted  that  for 
the  bodies  of  revolution  (of  type  of  projectiles)  the  friotional 
resistance  composes  »20o/o  of  total  resistance. 


Base  drag.  This  resistance  is  the  consequence  of  the 
evacuation/rarefaction,  which  is  foraed  after  aodel  (on  the  bottom), 
and  depends  aainly  on  surface  condition  of  body,  its  length  and  of 
contraction,  i.e.,  on  the  factors,  which  are  deteraining  the 
properties  of  boundary  layer  in  bottoa  section/shear.  Observations 
show  that  the  flow  after  the  bottoa  of  aodel  has  a character, 
depicted  in  Fig.  VHI.m.  The  distribution  of  pressure  in  the  trace 
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with  of  H=  1 • 3 for  nodel  d=7.62  an  (X=<l)  is  shown  on  Pig.  7 III.  42. 

Great  effect  on  the  value  of  the  pressure  (are  »re  precise, 
evacuation/rarefactions)  on  the  bottom  of  nodel,  exerts  txe  boundary 
layer  which  separates  the  external  flow  from  internal  cavity  after 


the  bottoa 
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Pig.  VIII.  41.  Shadow  photograph  and  schematic  of  the  flow  around 
blunted  body  (/w=3>  : 1 - body;  2 - sonic  line;  3 - deceleration  point; 
4 - the  leading  shock  wave;  5 - fans  of  rarefaction;  5 - junp  of 
secondary  coapression;  7 - tailed  jump;  8 - stagnation  zone;  9 - 
turbulent  feed  trace. 


Page  318. 

The  thicker  the  boundary  layer,  the  greater  the  frictional  resistance 
and  the  less  the  sucking  action  of  external  flow  and,  conseguently, 
also  evacuation/rarefaction  on  the  bottoa.  ease  drag  in  this  case 


DOC  * 78201105 


PAGE 


descends,  on  thesa  reasons  during  the  investigation  of  base  drag, 
so  net  lies  they  are  utilized  as  the  parana  ter  the  coefficient  of 


friction 

C,  — c [ S6  ' 

referred  to  base  area.  Experiiental  data 

showed: 

n 0.029 

and 

0,029  • 

where  c*/ 

- the  coefficient  of  friction,  in  reference  to  lateral 

surface. 

equal  to  cx/ 

f c \ 

\T^-r,Cx/  it  is  calculated  fro*  lateral  surface. 

The  dependence  of  the  ratio  of  pressure  on  the  botton  to  static 
pressure  in  the  incident  flow  is  shown  on  Fig.  VIII.  43. 


It  is  sonetiaes  eore  convenient  the  coefficient  af  base  drag  to 
determine  directly  through  the  coefficient  of  base  pressure.  In  this 
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Pig.  Till. 42.  The  distribotion  of  pressure  in  the  trace:  I - nozzle 
II  - eodel;  III  - clearance;  IT  - exit  cone/diffuser  1 - total 
pressure  in  enpty  duct;  2 - total  pressure  trace  after  eodel;  3 - 
static  prassure  in  eepty  duct;  4 - static  pressure  in  trace  after 
eodel. 

Key:  (1).  ee  Hg.  (2).  bores. 


after  the  bottoa) 


tests. 

V 

- 0.2 
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Fig.  Till.  44.  Dependence  of  base  pressure  on  Nach  numaer 

Page  320. 

As  shoved  th»  results  of  processing  nuaerous  experiments,  value 
pjoh  can  be  deteraLned  depending  on  Hach  number  (H^.1.5)  according  to 
the  equation,  proposed  by  G.  E.  Khudyakov  (Fig.  VIII. *4), 

P„„  = - - jjS-  <M«  - 0,92  M«  - 0,03). 

In  the  extreae  case  with  II  - - this  formula  gives  known  value 

I 43 

for  Ptau—  — jjjr,  which  corresponds  to  vacuum  in  bottoi  region. 

Total  drag  of  body  of  revolution  at  zero  or  low  angle  of  attack 
depends  on  form  of  body,  Nach  nuobers  and  Re  and  stata  of  boundary 
layer  (Pig.  Till. 4 5).  The  comparison  of  the  drag  coefficients  of  the 
various  forms  of  the  bodies  of  revolution,  and  also  disk  and  sphere 
of  Hach  number  is  represented  in  Fig.  VIII. 46,  but  the  effect  of 
angle  of  attack  is  shown  on  Fig.  Till.  47. 
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Fig.  Fill.  45.  Dependence  of  coaplete  drag  coefficient  on  Be  number 
(H-1.5):  a)  laminar  flow,  b)  turbulent  flow. 


Fig.  Fill.  46.  The  comparison  of  the  drag  coefficients  of  different 
bodies:  1 - dish;  2 - sphere;  3 - the  flat-headed  shell;  4 - pointed 
projectile . 


Page  321. 

For  bodies  of  revolution  high  value  have  not  onlf  resistance 
characteristics,  but  also  the  lift  and  the  connected  with  it  moment 
characteristics.  In  practice  in  the  majority  of  the  cases,  the  flow 
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around  bodies  of  revolution  occurs  asymmetrically,  in  consequence  of 
which  changes  the  distribution  of  pressure,  appears  lift  ind  turning 
moment  (Pig.  VIII.  48).  It  is  possible  to  count  dependence  cA  on  m 
close  to  fore  c*  — 2a.  The  sane  value  cA  gives  the  linearized  theory 
for  very  fine/thin  bodies  of  revolution.  This  dependeaca  ran  be 


applied  also  for  large  Each  numbers. 


In  a widespread  Banner  of  determining  the  moment  coefficient  is 
its  calculation: 

where  <?■.■  - a cent  er-of- pressure  coefficient. 

c — 

** 

Hi  • coerdii  ate  of  point  of  intersection  with  resultant  of 
aerodynamic  forces  with  the  axle/axis  of  body. 

x» - length  of  body. 


In  the  majority  of  the  practical  cases,  coefficients  cm  and 
Hi  find  on  the  basis  of  experimental  investigations  in  wind  tunnels 
or  during  ballistic  installations.  The  shortened  bodias  of  revolution 
have  more  rear  cen ter-of- pressure  location  (to  If  to  the 

nose  section  of  the  body  of  revolution  is  connected  sm pplenent ary 
long  section,  then  center  of  pressure  is  displaced  to  the  bottom. 
During  the  contraction  of  cylindrical  section,  it  is  3 hi ft /she a red 


DOC  = 78201105 


PAGE 


less,  while  during  expansion  - it  is  sore.  The  center- of-pressure 
location  bodies  of  revolution  has  high  value  for  the  evaluation  of 
their  stabilization  and  especially  nose  sections  of  tie  rockets. 
Static  stability  occurs  only  in  such  a case,  when  center  of  pressure 
is  arrange /locate!  after  the  center  of  gravity,  i.e.,  it  is  nearer  to 
bo  ttoe  ( x — xBT  > 0). 
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Fig.  VIII.  47.  A change  in  the  complete  coefficient  cx  body  of 
revolution  in  dependence  on  Each  number  and  angle  of  attack 
(turbulent  boundary  layer):  1 - experimental  data;  2 - calculation 
data . 


Fig.  VIII.  48.  A change  of  the  coefficient  of  normal  force  in 
dependence  on  the  angle  of  attack  of  of  H=5.05:  1 - calculated  curve; 
2 - experimental  curve  when  3 - the  sane,  when 

Page  322. 

The  stability  factor  is  quantitatively  determined  by  the 
re  lationsh  ip/ratio 


Y 


100. 
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Usually  Y*8-1Qo/o. 

With  the  impossibility  to  attain  the  necessary  stability  factor 
because  of  the  displacement  of  the  center  of  gravity  and  nose 
section,  are  utilized  different  aerodynamic  methods  of  stabilization. 
They  include  the  stabilization  with  the  aid  of  the  tail  assembly  of 
body  of  revolution  and  the  stabilizing  "shirts"  (Fig.  VIII. 49).  Solid 

cone,  for  example  static,  is  unstable,  since 

3 2 

*«.  ' = ^ i ® *a.  i—  3 

M 4-4).oo — 

— — 8.34%. 

If  we  extend  cone  to  height/altitude  h,  then  with  the 
insignificant  weight  of  the  skirt 

If  center  of  pressure  is  arrange/located  at  a distance  2/3h  from 
point,  and  the  center- of- pressure  coefficient  is  equal  to  2/3,  then 


Being  assigned  Y»10o/o,  we  will  obtain 

i.  e.  the  addition  of  shirt  with  size/diaebsion  to  1/4  cones  provides 
the  required  stability  factor. 

Bodies  of  revolution  at  hypersonic  speeds.  The  characteristics 
of  friction  at  hypersoaic  speeds  differ  significantly  from 
characteristics  with  the  moderate  supersonic  ones.  This  difference  is 


DOC  * 78201 1Q5 


PAGE 


connected  with  tha  properties  of  the  hypersonic  flows  whosa  first 
special  feature/paculiarity  is  caused  by  large  (lac h njabers  of 
■otion,  the  second  - by  high  energy  of  flow. 
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Pig.  VIII. 49.  The  diagraa  of  the  autual  layout  of  the  center  of 
pressure  and  center  of  gravity  in  conical  body  with  tie  stabilizing 
skirt  and  without  it:  1 - center  of  gravity;  2 - center  of  pressure. 


Page  123. 


Large  flow  aach  nuabers  (or  flight)  lead  to  essential 
slope/inclination  and  bending  of  intense  shock  waves,  emergence  of 
the  considerable  gradients  of  the  paraaeters  of  flow  (entropy,  etc.). 
Boundary  layer  on  body  due  to  the  decrease  of  density  with  a 
teaperature  rise  inflates  and  is  caused  the  disturbance/perturbation 
of  external  (inviscid)  flow. 

0ith  the  high  tea peratures,  caused  by  braking  flow  in  powerful 
shock  waves,  are  connected  the  physicocheaical  processes  at 
hypersonic  speeds.  In  this  case,  can  be  excited  the  vibrational 
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degrees  of  freedom  of  the  molecules,  which  then  dissociate  to  atoms; 
can  take  place  ths  ionization  of  aoleculas  or  free  atams  and  the 
educatoion/f orma tion  of  such  molecular  or  ionic  components  whose  role 
at  low  temperatures  is  insignificant. 

It  the  sufficiently  high  temperatures  of  gas,  entire  the 
increasing  role  plays  the  emission/radiat ion,  calling  of  energy 
transfer.  Due  to  the  high  concentration  gradients  of  different 
molecular  and  ionic  components  essential  become  the  processes  of 
diffusion.  Furthermore,  during  hypersonic  flows  they  can  take  the 
place  of  the  phenomenon  of  interaction  of  the  particles  of  the  gas 
with  body  surface.  However,  the  effect  of  the  physicochemical 
processes  indicated  usually  bears  local  character  (for  example,  for 
flaw  in  the  nose  section  of  the  body)  and  therefore  in  maay  instances 
the  hydrodynamic  characteristics  of  flow  they  are  sufficient  ones  for 
evaluating  interaction  of  body  and  hypersonic  flow. 

In  the  exaaiiation  of  the  flow  around  bodies  by  Hypersonic  flow 
one  should  distinguish  flow  about  the  blunted  bodies  and  the  pointed 
bodies.  Co anorn/ general/total  for  these  types  of  bodies  is  the 
ne-perturbation  of  flow  to  certain  boundary  at  very  small  distance 
frcm  nose  section.  Such  boundary  is  the  3hock  wave,  which  envelopes 
body  and  which  stretches  downstream  in  the  form  of  tha  weakly 
expanded  surface. 
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If  body  has  sufficiently  large  positive  slope/inclination 
relative  to  direction  of  undisturbed  flow,  then  the  envelope  junp  is 
arrange/located  very  closely  to  the  surfice  of  body  (Pig . VIII. 50). 
The  narrow  region  between  this  junp  and  body  is  called  shock  layer. 

In  shock  layer  the  teiperature,  pressure  and  density  of  dissociated 
and  ionized  gas  is  considerably  wore  than  in  the  undisturbed  flow.  If 
the  teiperature  of  the  body  of  the  sane  order  as  the  teiperature  of 
the  undisturbed  flow,  then  proceeds  considerable  heat  emission  froi 
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Fig-  Till.  50.  The  hypersonic  flow  around  the  blunted  nose  section  of 
the  body:  1 - eais sion/radiation  of  the  heated  gas;  2 - shock  layer; 
3 - front  of  the  bent  shock  wave;  4 - boundary  layer  of  gas;  5 - 
ea issicn/radiation  fron  surface;  6 - body. 

Page  3 24. 

Iq  flow  behind  the  bent  shock  wave,  occur  the  high  transverse 
gradients  of  entropy. 

For  slender  bodies  in  hypersonic  flow,  the  velocity  in  the 
disturbed  region  (after  juap)  changes  barely  in  coaparison  with  the 
velocity  of  the  undisturbed  flow  despite  the  fact  that  other 
paraaeter3  of  flow  (pressure,  density,  teaperature,  speed  of  sound  * 
undergo  considerable  changes  *. 


FOOTNOTE  *.  The  speed  of  sound  in  the  disturbed  region  about  slender 
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body  regains  sufficiently  saall  and  entire  field  of  flow  will  be 
hypersonic.  E1DFOO  TNOTE. 

Especially  iaportant  in  hypersonic  flow  are  conditions  near  the 
leadiag  edge  /nose  of  slender  body.  In  practice  alaost  it  is  not 
possible  to  carry  out  a forward  section  of  the  body  ia  tha  fora  of 
ideal  point,  floreover  localized  heating  in  nose  section  at  hypersonic 
speeds  is  so  great,  that  the  fine/thin  point  will  be  rapiily  fused 
and  near  this  body  will  appear  the  saae  local  flow,  sich  as  is 
observed  before  that  blunted,  with  the  which  is  inherent  in  it 
powerful  shock  wave  and  the  large  increase  of  entropy.  Shadow 
photograph  and  scheaatic  of  the  flow  around  blunted  body  (k»  = 3J  are 
given  in  Fig.  7111.41. 

Nuaerous  theoretical  studies  of  hypersonic  flow,  which  appeared 
in  recent  years,  consider  the  flow  of  ponviscous  gas  as  tie  flow  of 
continuous  aediua,  and  is  considered  the  effect  of  rarefaction  when 
aean  free  path  of  aolecules  is  conaensurable  with  the  si za /dimensions 
of  body.  In  the  investigations,  dedicated  to  hypersonic  flow  of 
nenviscous  gas,  i3  assuaed  nuaber  Mao>),  body  is  considarad 
fine/thin,  Jia©«1,  here  © - local  angle  of  the  surfaca'  slope  of  body 
to  the  direction  of  the  incident  flow.  The  ratio/relation  to  density 
te  jnnp  p»  to  density  after  jeap  p5  is  accepted  as  racy  snail  - 
• -.?=<  1,  and  jaap  itself  is  assuaed  to  be  powerful  - M«sin8>l. 

s* 
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One  of  the  initial  theories  of  hypersonic  flows  Ls  called  of 
Newton's  theory.  It  is  based  on  a snail  density  ratio  and  assuaption 
about  the  absence  of  the  forces  of  interaction  between  the  particles 
of  gas,  aoreover  the  force  of  iapact  of  particle  about  body  is 
accepted  as  the  proportional  to  the  sine  of  angle  of  incidence  and  is 
directed  along  the  nornal  to  body.  Coaponent  of  this  force,  which  is 
exhibited  in  the  fora  of  resistance,  is  proportional  to  the  square  of 
the  sine  of  angle  of  incidence. 

Formula  for  the  pressure,  which  acts  on  body  under  the 
assuaptions  indicated,  takes  the  fora2 

p — po, — sin*  8. 

FOOTNOTE  2 . In  practice  for  a comparison  with  experiment,  they 
frequently  use  the  instituted  on  experiaents  "aodifiel  formula  of 

Newton"  . tan1  b 

BNDFOOTNOTE. 

Page  325. 


This  approxiaation  foraula  gives  the  possibility  to  calculate 
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pressure  directly  after  juup  and,  strictly  speaking,  it  is  valid  in 
the  extreme  case  of  the  zero  density  ratio  and  if  we  the  fori  of 
shock  wave  will  coincide  with  the  fori  of  body.  Moreover  pressure 
after  juip  will  be  equal  to  pressure  on  body,  if  in  the  shock  layer 
of  particle  they  will  nove  without  acceleration,  whici  occurs  for  a 
cone  or  a wedge  at  zero  angle  of  attack.  During  the  flow  around  body 
with  curvilinear  duct/contour,  must  be  accepted  in  attention  the  fact 
that  in  shock  layer  the  particle  will  move  over  curve!  path,  and  due 
to  the  effect  of  centrifugal  forces  pressure  on  body  decreases.  This 
correction,  introduced  by  Buseaann  for  pressure  taking  into  account 
centrifugal  forces,  leads  to  Newton  - Buseaann's  formula 

f . 

f'  = 'SS»#^sin*e  + sin8S?  ) c°s6dF J. 

where  cj  - the  value  of  pressure  coefficient  at  the  tip  of  body 
which  is  located  in  accordance  with  the  theory  of  the  supersonic 
courses  of  perfect  gas} 

9 - angle  between  the  tangent  to  the  duct/contour  of  body  at 
this  point  and  the  direction  of  the  incident  flow  (for  the  blunted 
bodies  sin 0O=  1)  j 

F - sectional  area  of  the  streailined  body  by  the  plane,  nonal 
to  the  direction  of  the  incident  flow. 
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Especially  iiportant  value  for  the  bodies,  which  nova  with 

hypersonic  speed,  have  the  processes  of  heat  exchange.  Por  the 

possibility  of  the  successful  landing/fitting  of  spacecraft,  rockets 

and  other  bodies,  which  return  in  the  atmosphere,  it  is  necessary 

their  enoraous  kinetic  energy  (for  exaaple,  upon  the  return  of 

satellite  to  the  earth  its  kinetic  energy  per  unit  aass  of  equivalent 

84000  kcal/kg)  to  scatter  in  the  fora  of  heat.  Since  there  are  not  no 

such  aaterials,  which  without  damages  could  absorb  the  significant 

part  of  this  heat,  investigations  were  directed  toward  that  so  that 

the  large  part  of  the  energy  would  go  for  heating  of  the  surrounding 
• 

body  gas.  On  these  reasons  for  the  problem  of  heat  transfer  at 
hypersonic  speeds,  they  began  to  occupy  the  recently  pravailinq  place 
in  theoretical  anl  experimental  studies  in  this  region  of 
aeromechanics. 

Thermal  energy  is  transferred  to  body  as  by  the  way  af  thermal 
conductivity  and  diffusion  in  the  boundary  layer  (see  Pig.  VIII. 50), 
so  also  by  the  way  of  the  emission/radiation  of  the  haated  gas,  which 
is  located  in  shock  layer  near  the  nose  section  of  the  body.  In  turn, 
the  heated  surface  also  emits  energy.  In  the  majority  of  the  cases, 
thermal  energy,  received  by  body  surface,  is  absorbed  either  by 
sublimation  or  by  of  melting  and,  possibly,  evaporating  the  material 
of  surface,  which  is  accompanied  by  combustion  or  dissociation  of  the 
particles  of  the  material  in  the  boundary  layer  of  ga3. 
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Page  326. 

On  these  reasons  for  providing  the  successful  desceat  of  space 
objects  in  the  atmosphere  very  important  and  are  the  processes  both 
of  convective  and  radiation  heat  exchange. 

The  velocity  of  heat  exchange  on  rigid  surface  depends  in 
essence  on  coamon/gene ral/total  enthalpy  drop  across  flow  (boundary 
layer).  With  inactive  surface  the  velocity  of  the  connective  heat 
exchange  in  the  critical  point  of  the  blunted  body 

(?*•)  1 \ Itj)’ 

where  q*  - heat  flax  to  wall; 

R0  - radius  of  blunting; 

Pol  — velocity  and  density  of  the  incident  flowj 
h*  - value  of  enthalpy  on  wall; 
hs  - stagnation  enthalpy  of  flow; 


A - constant,  which  depends  on  the  chemical  composition  of  the 
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incident  flow  (atmosphere)  ; for  earth's  atmosphere  A=4710. 

If  sarface  is  active,  then  due  to  the  diffusion  of  the  atoms, 
which  are  foraed  during  dissociation  to  the  body  surfica  and  their 
subsequent  recoabi nation , which  is  accoapanied  by  heat  liberation, 
heat  fluxes  to  surface  can  substantially  grow/ri sa.  with  an  increase 
in  altitude  of  flight,  this  special  feature/peculiarity  is  exhibited 
the  lore  sharply  (due  to  less  density  diffusion  becoaas  aore  intense, 
and  recoabin ation  in  gas  phase  occur/f low /lasts  mors  slowly).  To 
decrease  the  heat  flux  to  wall  is  possible  by  introduction 
(injection)  to  the  boundary  layer  of  the  cheaically  activs  substances 
which,  entering  into  reaction  with  gas  in  boundary  layer,  absorb  the 
part  of  the  heat. 

At  the  high  temperatures,  corresponding  to  the  high  flight 
velocities  in  the  sufficiently  dense  layers  of  the  itiospaere  (with 
descent  along  abrupt/steep  trajectories),  important  becomes  the 
eaission/r adiation  of  the  gas,  heated  in  transit  through  the  shock 
wave.  Heat  fluxes  to  body  in  this  case  in  certain  casas  can  he 
considerably  aore  than  convective  ones,  rhea  it  is  possible  to 
determine  in  the  kilocalories,  divided  into  of  1 a*  per  second,  by 
the  expression 


Are  recently  developed  varioae  theoretical  methods  of 
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determining  the  parameters  of  flow  near  the  bodies  of  various  forms, 
streamlined  with  hypersonic  flow.  They  give  the  possinility,  in 
combination  with  experimental  measurements,  to  determine  the 
aerodynamic  characteristics  of  these  bodies  under  the  diverse 
conditions  of  motion. 


Page  327. 


Cone.  Pressure  on  the  cone  (pressure  Pi.  referred  to  static 
pressure  in  undisturbed  flow  P<J  equal  to  coefficient  wave  impedance 
cap  be  found  from  approxinatiops  (I.  F.  Krasnova) 

^ y.ZL.  /e»(i  + l/c-T). 

**•“  x — 1,4  cxJ\lc  = 2,09Kt{\  +0,143/c~’)-  here  P.  - 

one-half  angle  of  the  solution/opening  of  cone. 


Of  infinite  Sach  numbers  the  limiting  value  of  pressure 
coefficient  on  the  cone 

* 2(x+I)(*+7)  „ 

A • 

which  when  x — 1,4  gives  Pt  — 2,09  K*. 


Dependence  P,  — cx , **  / (M,  p«),  calculated  on  the  formula  indicated. 


is  graphically  expressed  in  Pig.  VIII. 51 
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Newton's  theary  allows  with  sufficient  for  a series  of  the 
practical  problem  accuracy/precision  to  ra te/estiaa ta  the 
aerodynamic  characteristics  of  bodies  at  hypersonic  speeds.  Sor  the 
excess  pressure  oa  cone,  which  appears  as  a result  of  the  loss  of 
that  part  of  the  aonentun  which  is  determined  normal  coapanent  of 
undisturbed  velocity  e»P«i 

P — P«-p®t»S0p«. 

whence 

which  corresponds  to  the  case  when  shock  wave  fits  closely  to 
surface.  However,  in  actuality  this  condition  is  not  satisfied  and 
particles  behind  shock  wave  aove  over  the  bent  trajectories,  which 
leads  to  the  eaergence  of  the  centrifugal  forces,  which  decrease  the 
pressure.  On  the  ather  hand,  pressure  rise  behind  shock  wave,  which 
occurs  during  real  flow,  coapensates  for  the  effect  of  centrifugal 
forces,  and  total  pressure  on  body  proves  to  be  sufficiently  to  close 
to  that  which  can  be  obtained  according  to  Newton's  rafined  theory. 
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Pig.  VIII.  51.  Curves  «*»“/< m>  for  coses. 

Page  328. 


Blunted  bodies  of  revolution.  The  wide  application  of  blunting 
of  bodies  during  their  notion  in  the  atnosphere  with  high  velocities 
is  connected  with  the  fact  that  these  bodies  in  cospacison  with  those 
sharpened  less  are  heated  and,  consequently,  also  less  they  are 
destroyed.  In  the  vicinity  of  forepart/nose  point,  the  juap  is  close 
to  straight  line,  and  transition  through  this  juap  of  the  particles 
of  the  gas  is  accoapanied  by  the  considerable  losses  of  conplete 
pressure  head  and  an  increase  in  the  entropy.  At  the  save  tine  after 
velocity  discontinuity,  (but  sonetiaes  also  density)  substantially 
decreases,  grow/rises  the  extent  of  lasinar  boundary  layer,  decreases 
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friction*  and  as  a whole  heat  flaxes  froa  the  heated  gas  to  body 
decrease.  On  thesa  reasons*  investigations  of  the  blunted  bodies  of 
various  foras  devoted  considerable  nuaber  both  of  theoratical  and 
experiaental  worts. 

Figure  Till. 5 2 shows  the  position  of  shock  waves  for  a sphere. 
Figure  VIII.  53  gives  distributing  the  pressure  according  to 
heaispherical  leading  edge/nose  with  nuaber  M*  = 5,8.  Values  c*.  - f (M) 
are  given  in  Fig.  VIII.54*  and  the  corresponding  characteristics  for 
a flat/plane  end/face  - in  Fig.  VIII. 55  and  VIII. 56.  rha  affect  of 
the  aperture  angla  and  fora  of  the  bluntigg  of  cone  on  the 
distribution  of  pressure  with  8=6  on  the  character  of  the 
distribution  of  pressure  is  represented  in  Fig.  VII. 57,  but  the 
coaparison  of  drag  coefficients  is  produced  in  Fig.  VIII. 58. 


Fig.  VIII. 52.  The  shock  waves  before  the  sphere:  1 - sonic  lines;  2 - 
sphere . 


Fig.  fill. S3.  The  distribution  of  pressure  according  to  surface  of 
heaisphere  and  adjacent  it  cylinder:  1 - experiaental  data;  2 - 
for  aula  •£-"•**  3 - according  to  the  net  hod  of  integral 

r e la  ti  on  a*  1 p/ra  tio  s . 


Page  329 
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Important  characteristic  daring  the  flow  around  the  blunted 
bodies  is  the  departure/withdrawal  of  shock  ware.  In  Pig.  VIII. 59  is 
compared  the  position  of  shock  wave  during  the  flow  around  bodies 
with  the  various  f oris  of  blunting.  The  distribution  of  pressure  for 
bodies  of  the  typs  of  ellipsoids  of  revolution  is  represented  in  Pig. 
Till. 60.  The  blunting  of  the  nose  section  of  the  body  af facts  shaping 
of  the  boundary  layer  whose  increasing  along  the  length  of  body 
thickniess  has  its  effect  on  external  inviscid  flow.  A3  a result  of 
this  interaction,  which  depends  on  the  nueber 

and  a thereal  condition,  the  pressure  on  body  increases.  This  effect 
it  is  possible  to  represent  to  itself  as  the  inviscid  flow  around  the 
body,  increased  to  the  displaceaent  thickness  of  boundary  layer. 

The  blunting  of  bodies  of  revolution  has  great  effect  on  the 
phfsicocheaical  processes  and  the  thersal  phencaena  in  the  vicinity 
of  body,  especially  in  nose  section,  which  in  turn,  affects  the 
position  of  the  shock  wave  whose  distance  free  body  i3  changed 
depending  on  qoneq uilibrius. 


DOC  = 78201105 


PAGE  ^ /^/ 


Pig.  fill.  54.  Valies  cAl=  / (Mi  for  the  heaiaphere  (saall  circle 
showed  the  data  of  experiaent)  . 


Pig.  Till.  55.  The  distribatioe  of  pressure  according  to  the 
flat/plane  end/face  (points  showed  the  data  of  experiment)  . 


Pig.  fill.  56.  The  coefficient  of  the  wave  iapedance  of  the  flat/plane 
end/face:  1 - thearetical  calculation;  2 - data  of  experiaent;  3 - 
soaic  points. 
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Page  J 30. 

Thus,  for  instance,  with  the  ne-had  tiae  to  dissociate  ( "frozen") 
flow  this  distance  two  tiaes  aore  in  coaparison  with  that  case  when 
cheaical  reactions  behind  wave  occur  rapidly,  and  dissociation  covers 
entire  region  between  the  wave  and  the  body.  The  teaperature  in  the 
case  of  the  "frozen"  flow  in  coaparison  with  is  eguilibriua  below 
approxiaately  to  2 0o/o. 

Special  iaportance  for  the  blunted  bodies  of  revolution  has 
friction  heat  transfer.  This  is  connected  with  the  fact  that  the 
pressures  and  the  aerodynaaic  forces  (with  exception  of  stability 
characteristics)  of  such  bodies  play  saaller  role  in  connection  with 
the  large  aargins  of  thrust,  required  for  iaparting  high  velocity  the 
aotion.  The  preser  vation/re tention/aaintaining  of  bodies  (for 
exaaple,  spacecraft  or  Earth  satellite)  depends  in  essence  on  its 
heat  shielding. 
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Pig.  Till. 57.  The  distribution  of  pressure  on  the  blunted  according 

to  sphere  cone:  o - experimental  data;  - according  to  the 

theory  of  acute  cone;  - calculation  p of  "universal"  curve. 


Pig.  Till. 58.  The  coefficient  of  the  wave  resistance  of  blunt-nosed 
co>ne  and  end/face:  1 - end/face;  2 - cone. 
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Pig.  Till.  59.  The  depart are/vithdraval  of  shock  wave  for  different 
bodies  (points  showed  the  data  of  experiment)  : 1 - end/face  with 
rounding;  2 - segaent;  3 - sphere;  4 - ellipsoid  6=2. 

( 

ns 

ns 

ni 

v 

m st  x op' 

Pig.  Till. 60.  Distribution  of  pressere  according  to  the  sy metrically 
streaalined  ellipsoid. 


Page  332 
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The  value  of  heat  transfer  rates  at  the  critical  point  of  the 
blunted  leading  eige/nose  can  be  determined  from  approximate 
dependence 


where  R,  - a radius  of  sphere,  ■; 


i,  - enthalpy  of  restor ation/reduot ign  (/',«»  0,5t£,): 


itt  - the  enthalpy,  which  corresponds  to  the  temperature  of 
wa  11  (ir  — it,  = £/.«  ( Tr  — T,). 


Heat  fluxes  in  the  forward  section  of  the  bodies  reach  the 
significant  aagnitudes.  Thus,  for  instance,  for  spherical  leading 
edge/nose  R , = 0.25*.,  H=30  ka,  = 15.  TCt  = 1000° K.  qt  = 1200 

kca l/n*s,  For  end/face  (Rr  = 0.5D,  = 0,25  a,  q,  = 506  kcal/a*s)  heat 
flux  is  less  due  to  the  more  intense  braking  of  flow  in  end/face  in 
comparison  with  sphere. 

Heat-flow  distribution  in  the  vicinity  of  critical  point  for  a 
sphere  is  shown  oa  Fig.  VIII. 61,  and  the  comparison  of  total  heat 
fluxes  for  spherical  and  conical  leading  edge/noses  is  given  in  Fig. 
VI  11.62.  It  must  be  noted  that  the  value  of  heat  fluxes  affects  a 
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series  of  supplementary  factors.  The  effect  of  eddying  in  the  layer, 
which  adjoins  the  wall,  leads  to  certain  increase  in  the  heat  fluxes 
at  high  altitudes  (approximately  to  20o/o)  . Radiation  flux  to  surface 
from  the  overheated  shock  layer  because  air  ceases  to  be  transparent, 
al^o  leads  to  certain  increase  in  the  heat  fluxes,  which  can  be 
estimated  in  the  kilocalories  to  of  1 m2  per  second  according  to  the 
empirical  expression 


*—*•'*•  1° ’*’feri£-r 


For  low  altitudes  this  value  reaches  ~30o/o  of  aarodynamic  heat 
flux.  The  diffusion  of  generatrices  as  a result  of  dissociating  of 
atoms  and  ions  in  region  with  their  smaller  concentration  is 
accompanied  by  recombination  and  liberation  of  suppleieatary  heat. 


Oft  'em.  <r|. 
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Fig.  VIII.  61-  Distribution  of  laainar  heat  flux  on  spnere  with 
different  Hack  numbers. 

Page  333. 

This  heat  depends,  in  turn,  on  a nuaber  of  circunsta n?es:  the  flight 
speed,  which  decraases  the  diffusion  heat  flow,  the  tenperature  of 
the  wall  whose  seallness  on  the  whcle  inpedes  the  libaration  of  a 
large  quantity  of  chenical  energy,  the  chenical  activity  of  surface 
(catalytic  or  noncatalytic) , of  forn  of  nose  section,  etc. 
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Fig.  VIII. 62.  Coaparison  of  laainar  heat  fluxes  for  spherical  and 
conical  leading  edge/noses. 

§v  III.  3.  Characteristics  bluff  bodies. 

The  d eter aina tion  of  the  wind  loads  on  different  industrial  and 
technical  constructions,  the  powers,  required  for  the  advance  of 
ground-based  transport,  and  siailar  probleas  require  the  knowledge  of 
the  aerodynaaic  characteristics  of  the  diverse,  so-called,  bluff 
bodies . 

Autos.  In  coanection  with  an  increase  in  the  velocities  of  the 
notion  of  autos,  the  power,  spent  on  overcoaing  by  then  air 
resistance,  grow/rises  proportional  to  the  cube  of  the  velocity: 
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Pig.  vm.  63.  The  drag  coefficient  of  the  autos:  1 - bus  paz-6 
"Boskvich  -407";  3 - " Bosk vich- van 4 - "Volga-  B-21". 
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Page  334. 

The  drag  coefficient  of  autos,  depending  on  their  fora,  attains 
the  significant  magnitudes  (Pig.  V. III. 63)  . The  distribution  of 
pressure  according  to  the  housing  of  auto  is  important  for  the 
regular  arrangement  of  the  air-inlet,  cooling  and  ventilation  units 
and  it  is  also  coinected  with  fora.  In  Fig.  VIII. 64  and  VIII. 65  given 
typical  distribution  of  pressure  according  to  the  housing  of 
passenger  auto  and  bus. 

Trains.  In  racent  years  of  the  velocity  of  the  notion  of  trains, 
they  reach  200  ka/h,  and  is  observed  tendency  toward  their  further 
increase.  At  such  velocities  the  aerodynamic  drag  of  train  comprises 
aore  than  50o/o  of  total  resistance,  on  these  reasons  the  vital 
importance  has  a selection  of  optimum  ones,  from  the  point  of  the 
view  of  resistance,  aerodynamic  shapes. 
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Fig.  VIII. 64.  Distribution  of  pressure  according  to  the  housing  of 
auto. 


Fig.  VIII.  65.  Distr ibutions  of  pressure  according  to  the  housing  of 
bug. 

Page  335. 

This  selection  caa  be  to  a considerable  degree  produced  on  the  basis 
of  experiaents  in  wind  tunnels.  Figure  VtII.66  depicts  the  dependence 
of  drag  coefficient  cx  on  Be  nunber  for  the  nodel  of  car  from  by 


1 
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various  foras  nose  section1. 

\ 

FOOTNOTE  ».  The  given  below  experimental  materials  due  to 
aerodynamics  of  trains  are  obtained  in  HGO  G.  A.  Romanenko. 
ENDFOOTNOTB. 

As  can  be  seen  from  diagrams,  the  form  of  nose  section  exerts  a 
substantial  influence  on  resistance  at  high  velocities.  During 
transition  from  one  to  several  cars,  the  effect  of  the  form  of  nose 
section  logically  decreases,  but  it  remains  sufficiently  perceived 
(Fig.  VIII  .67)  . 

From  the  point  of  view  of  experiment,  very  important  and  at  the 
same  time  complex  is  the  separation  of  the  drag  of  car  into  its 
components,  namely:  for  the  resistance  of  nose,  average  and  tailed 


section 
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Pig.  Till.  66.  Depandence  cx=t(R e)  for  the  model  of  car  with  various 
for  is  of  nose  section. 


Ref:  (1).  On  the  side.  (2).  on  top. 


Page  336. 


If  we  cut  car  and  hang  up  on  weights  only  nose  sectioa  and  aeasure 
its  resistance  in  the  presence  of  the  regaining  part  af  the  car,  then 
obtained  resistance  in  such  a case  it  only  corresponds  to  true,  if  is 
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taken  into  account  pressure  in  section  plane.  On  these  reasons  the 
experiments  with  the  separation  of  resistance  require  special 
thoroughness.  In  particular,  the  drainage  of  section  plane  aust  be 
produced  in  several  radial  directions,  and  the  averaging  of  the 
■ensured  pressure  is  carried  out  on  saall  equivalent  area/sites. 
Purtheraore,  the  necessary  condition  is  convergence  of  the  sua  of  the 
divided  resistances  and  total  drag  with  error  not  aor»  than  £3-5o/o. 

Another  special  feature/peculiarity  of  experiments  with  trains  - 
noaobaerva  nee  of  similarity  in  connection  with  pentrite,  that  the 
screen;,  which  imitates  the  earth/ground  as  train  in  duct,  they  are 
■•tionless,  while  in  nature  the  earth/ground  relative  to  train 
"■lovable".  Purtheraore,  in  duct  to  aodel  usually  attacks  unifora  (on 
the  height/altitule  of  train)  flow,  and  in  nature  train  is  virtually 
located  in  surface  boundary  layer.  The  carried  out  by  us  experiments 
shoved  that  the  effect  of  the  profile  of  velocity  and  turbulence  of 
the  incident  flow  on  resistance  (in  particular  train)  is  very 


considerable. 


Fig.  fill.  67.  The  effect  of  a aaaber  of  cars  (elonga  ti  on)  and  of  fora 


of  nose  section  on  the  resistance  of  the  nodel  of  the  train:  I - 
blaff  fora;  II  - streaalined  shape;  III  - nuaber  of  cars. 
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Page  338. 


Fig.  VIII. 70.  Aerodynamic  characteristics  of  antenna,  shown  on  Fig 
VIII. 69. 


Fig.  VIII. 71.  Aerodyaaaic  characteristics  of  the  antennas  of 
triangular  fora. 


Page  339 
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During  the  in  rest  igation  of  the  models  of  trains,  it  is 
necessary  to  thoroughly  simulate  fine  details  (handrails, 
pantographs,  roof  superstructures,  etc.),  which  substantially  affect 
aerodynaaic  drag.  As  show  experiments  (Fig.  VIII. 68|,  the  resistance 
of  different  car  superstructures  composes  ~30-40o/o  of 
common/general/ total. 

Antennas.  The  widespread  introduction  of  radio,  telerision  and 
radio  astronomy  lad  to  the  appearance  of  different  fora  of  the 
antenna  systems  whose  size/diaensions  they  reach  enoraous  values.  As 
can  be  seen  from  Fig.  VIII.  69-  VIII. 71 , on  antenna  systems  act  not 
only  considerable  forces,  but  also  high  torque/moments. 

Prismatic  beams  and  shaped  airfoil/profiles.  Prismatic  beams  and 
shaped  airfoil/profiles  widely  are  applied  in  industrial 
constructions.  Dependence  c*  =»/(«)  for  the  prismatic  beam  of 
square  section  is  given  in  Fig.  Till. 72.  Greatest  values  of  the  drag 
coefficient  of  different  shaped  airfoil/profiles  (Fig.  VIII. 73) 
following: 

Hoi(^  npo-  1 2 3 4 5 6 7 

+aja 

*x  ^ 2,76  2,66  2,06  2,66  1,66  1,76  2,20 

Ot™n  «0*  260"  10*  150*  30*  0*  180* 

Key:  Cl).  Humber  of  aicf oil/prof ile. 
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The  values  of  the  aerodynamic  coefficients  of  soae  bodies  are 
given  below  in  table  VIII.  2.  For  the  cqnparison  of  ths  drag 
coefficients  bluff  bodies  and  bodies  with  the  aerodynamic  ideal 
shapes,  let  us  point  oat  that  the  coefficients  cx  are  egual:  for 
fine/thin  wings  (c  — 0,09).  cx,9  — 0,0088;  for  streaelined  fuselages 
e*  — 0,065;  fer  high-speed  aircraft  cx  =*  0,016— 0,02. 

Construction  constructions.  The  distribution  of  t ind  loads  on 
gronnd-based  ones  strength  can  be  obtained  on  the  basis  of 
experiments  in  wind  tunnels.  Figure  VIII.  74  shows  an  exanple  of  the 
distribution  of  pressure  according  to  building. 

In  recent  years  received  wide  acceptance  of  variaus  kinds  the 
cylindrical  large- size  ones  capacitance/capacities.  Figures  VIII. 75 
and  VIII .76  give  the  photographs  of  the  models,  tested  in  wind  tunnel 
for  the  distribution  of  pressure  all  over  surface  undar  the  varied 
conditions  of  their  flow.  The  results  of  these  experiaents  are  given 
in  Table  VIII.  3 and  VIII.  4. 
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Pig.  VIII.  72.  dependence  ex  =/(ai  for  prisnntic  beans. 

Page  340. 

As  can  be  seen  fron  Pig.  VIII. 77#  for  such  cylinders  cf  the  value  of 
nuabers  Sh , calculated  according  to  dianeter,  they  diffar  fron 
nunbers  Sh  of  the  cylinders  of  the  infinite  span.  Por  the  calculation 
of  pulsations  after  short  cylinders  with  Re>1«10*,  it  is  possible  to 
accept  Strouhal  nunbers,  calculated  on  heigbt/altitude  Sh.  — 0,2.  Pith 
the  decrease  of  Ra  number,  a n saber  Sh.  grow/rises  to  0. 5. 

The  characteristics  of  different  bodies  near  screen  (”  the 
Barth**)  differ  significantly  fron  their  characteristics  in  the  free 
flew. 


IP 


Fig.  VIII. 77.  Dependence  Sh*f(Be)  for  tha  "abort"  cylinder, 
establish/installed  on  the  screen:  1 - sh  is  calculi  tad  according  to 
the  diaaeter  of  cylinder;  2 - Sh  are  calculated  on  the 
height/altitude  of  cylinder. 


DOC  * 702O11Q6 


PAGE 


DOC  » 78201106 


PAGE 


(t)  MOJCJb 


y»T 


n«ocKHn  KpyrauA  ahck,  pacnojouccH- 
Hbin  HopuaabHo  k HanpatxeHHK)  no- 
TOKl 


I 


0»r 


Abi  iijiockhi  xpyrawx  ahckb,  pacno-  > 
aoweHHux  HopMaauHo  x Hanpaaae- 1 
hhk>  notoKa  oiihh  u apyrMM 


vf  fib 


DOC  » 78201106 


PAGS  -W-"  jCi  fj! 


(J1  P*J«epw  rCM 


-T>=°* 
= 1,0 
=*  2,0 
= 4,0 
= 5.0 
= 7,0 


Uhxmhap  npyraull  c octio,  pacno.io- 
wfHHOft  ncpncHAHnyaiipHo  k Hinpa- 
bachhio  noioica 


1,00 

0,84 

0,76 

0,78 

0,80 

0,88 


Re 


a 


H-D 

H~2D 

H*=  10D 
H-20D 
H-40O 


0,64 

0,68 

0,76 

0,80 

0,92 

0,98 


0.9  • 10* 


(I'D 

c*3  “ tjr*  sin  l,225p 
c„  — ko9(M>imiicht 
conponiBjie- 
ii  if  a iiii.7im.flpa 
npH  (P  = 0) 
4>opM)aa  npirntt- 
(rtWrcs  aab VraoB 
P or  0 no  oO* 


0,98 

0,96 

0,92 

0,74 

0,6? 

0,48 

0,26 


DOC  = 782011Q6 


r 


DOC  = 77090165 


PAGE 


(J& 

LlMMIHApu  (X 
(It'd 


18),  noKpuThic  mityp- 


8.25-  10-') 
50  (k,rt  - 5,25  • 10-') 
Ns  80  (k,d  ~ 1,5.  10-') 


7* 

UHJiiiiyipbi  c peOpaita 


Rim  (X  - 7)  (if) 


Ky<5  (X  = 1)  (•&' 


npM3MJTfl«ICCKOe  TfJIO  K»«Ip«TNOrO 

X «=  3 
X-5 

w 

ABTOMOtiHJb  Tuna  «Mockbhn-407> 
AsTonoCHifc  Tiina  «Mockbh>i-407»,  <p»p- 
ro«  9(t  , 

AiTonotfiMb  miia  »Boara-M-2l» 
AaaoOyc  thiu  IIA3-6  (tf> 

OamhomhuR  aaroH  norsna  co  air*iH 
•laactpoftKiHii  Nlt 
OamhobmiiiR  aaroH  norma  firs  n»»- 
CrpOtR 

OanHOMHwR  naoxo  oCicnaeituft  aaroH 
(n.iocaaa  ro/ioaHaa  MacTb)  84l> 
OflimoiBU*  zopouio  odrenirMun  hiioh 
floral  in  aecmn  aaroHoa  fiuioraia 
roaoama  aacTb)  <*«. ) 

floeax  a Heart*  aaroaoa  (oOreaariaaa 
rofioaima  aacrb)  On) 


(3^  I’agoepu  Ttju 


| 

.± 


Kr 


Uimmmpbi.  oOKJiecHHbie  pcAkimh 


1,05 

0,95 

0,9 


1,05 


0,45 


1,35 


fey 


5-  10* 
5.  10* 
5 . 10' 


> . 10* 


0,8  • 10* 

0,8  • 10* 


1 

0,5  • 10* 

w 

0,5  l(l» 

i 

1,8 

i 

J 

1,05 

8-  10* 

1 

1 

1,2 

' 

5-  10* 

1.26 

5-  M>* 

0,27 

4 • M)* 

0,24 

4-  10* 

1X17  j 

j 3 ■ 10* 

0,37 

ojn 

8-  10* 

024 

8-  10* 

oja f> 

8-  10* 

0,2* 

*•  10* 

ij 

> 10* 

Wl 

5 - 10* 

a. 


DOC  * 78201 106 


PAGE 


Key:  11)  . Model.  (2).  Size/diaensions  of  body.  (3).  Conditional 
flat/plane  plate  (square).  (4).  conditionally.  (5).  Plat/plane  square 
plate.  (6)  . Flat/plane  rectangular  plate.  (7)  . Flat/plane  rectangular 
plate,  arrange/lor ated  at  angle  to  flow  direction.  (8|  . Top  view. 

(9).  Fron  4*10®  to  6«10*.  (10).  Flat/plane  circular  di.sk, 
arrange/located  normal  to  flow  direction.  (11).  Two  flat/plane 
circular  disks,  arrange/located  it  is  nocaal  to  flow  direction  one 
after  another.  (12).  Both  instead  of.  (13).  Flat/plana  ring, 
arrange/located  noraal  to  flow  direction.  (14).  Cylinder  circular, 
placed  by  axle/axis  in  parallel  to  velocity  of  flow.  (15).  Cylinder 
circular  with  axle/axis,  arrange/located  perpendicular  to  flow 
direction.  (16).  Cylinder  circular  whose  axle/axis  is  directed  at 
angle  toward  flow.  (17).  drag  coefficient  of  cylinder  of  (8=0).  (18). 
Fornula  is  applied  for  angles  0 froa  0 to  60°.  (19).  Basis  of 
elliptical  cylinder  is  section  of  round  cylinder  at  angle  (3^  of 
generatrix.  (20).  Sphere.  (21).  heaisphere-cup.  (22).  housing.  (23). 
The  saae.  (24).  cone-  henisphere.  (25).  heaisphere-coae.  (26).  Bodies 
of  revolution.  (27).  Strut.  (28).  Strut  with  ratio.  (29).  for.  (30). 
Thin  wire.  (31).  Ellipsoid.  (32).  Cylinders  (X=18|,  covered  with 
sandpaper.  (33).  Cylinders,  glued  round  by  racks.  (3  4).  Cylinders 
with  fin/edges.  (35).  Beans.  (36).  Cube,  (37).  Prisaatic  body  of 
square  section.  (38).  Auto  of  type  "Hoskvich-tO?".  (39).  Auto  of  type 
■,Hoskvich-407'*,  van.  (40).  Auto  of  type  "Volga-  H-21".  (41).  Bus  of 
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type  PAZ-6.  (42).  Single  car  of  train  with  all  superstructures.  (43). 
Singlei  (44).  Single  bluff  car  (flat/plane  nose  section).  (45).  Single 
well  streamlined  car.  (46).  Train  of  ten  cars  (flat/plane  nose 
section).  (47).  Train  of  ten  cars  (streanlined  nose  snction)  . 
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Table  VIXI.3.  Greatest  values  of  the  coefficients  of  pressure  p of  of 
the  flows  around  short  cylinders  with  the  various  foris  of  coating. 


to 

HlMpMlK 

0)  ! te) 

1 Kouhwckm- 
CKO«  to*  noKpUTHi 

KpWTMC  I 

(*J 

n JOCKO* 
■ppxwee 
noKpyiHC 

nUMo' 

notpUTHC. 
vTotueHHoe 
io  cepean- 

Hh» 

n 

n.ioChoe 
noupwTHf 
VTOn.lCHHOt 
JO  HH3I 

i 

fij) 

Ha  noKpuTHH 

— 1,5  — 1.06 

, 

—0,9) 

—0,57 

—05." 

h 1 

7“  6 

Ha  6oKOBoft^r)o- 

BepXHOCTH  . . . 

~ + 0,92 



-t-0,96 

—0,96 

Ha  BHyipeHH^fno- 

BtpXHOCTH  . . . 

-053 

—0,61 

u & 

Ha  noKpuTMH'-r  . . 

-2.07  I -0,93 

— 0,91 

-0,69 

-0,69 

h 1 

d “ 3 

Ha  CokoboA  no- 
BepXHOCTII  . . . 

1.3* 

— 1,3 

— 1,3 

Ha  BNVTpeN^il  no- 

BCpiHOCTH  . . . 

-0,76 

-0,76 

Key:  41)  . Pleasure*  ent.  (2).  Spherical  coating.  (3)  . Conical  coating. 
(4).  Plat/plane  top  coat.  (5).  Plat/plane  coating,  eabeidai  to 
■iddle.  (6).  Plat/plane  coating,  embedded  to  bottoa.  (7)  . During 
coating.  (8).  On  lateral  surface.  (9).  On  internal  surface. 
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Table  Till  .4.  The  aaxiaum  values  of  coefficient  (p)  far  the  Models  of 
cylinders,  arrange/located  cn  corners  of  a square  (distance  between 
cylinders  is  equal  to  tholr  diaueter)  . 


jmwI  no  no* 
rosy  oimwhjp 

no  no* 

tony  anjimuip 

Sunn^npaBwA  do  no 
TO«y  DMJRMip 

HtnepCBMe 

Centum 

VS' 

Cenemif  (§} 

Ctwm 

i-i 

ii—ii 

Ill-Ill 

i-i 

n-ii 

Ill-Ill 

1-1 

II-II 

Ill-Ill 

(<*) 

Bepx  p «=  7,5* 

—0,74 

-056 

-053 

-051 

-056 

—052 

-051 

-0> 

BoKOBiH  no- 

BepXHOCTb  (n) 

fi.fi  - 7.5*  . . . 

Bepx  P-22.5* 

+054 

—059 



—058 

+0.74 

—055 

-0,45 

+0.80 

-052 

— 056 

—0,75 

-052 

-057 

—056 

-0,60 

-055 

-056 

-053 

— 05k 

SoKOiia  no- 

lepXHOCTb  <n 

u.  f>  - 22,5*  . . 
Bepx  P-37,5* 
Boxoiia  no- 

±058 

— 05 

+055 

±0,75 

—0,72 

±027 

+050 

-0,75 

±056 

— 038 

—058 

—1.13 

-055 

—057 

— 0|82 

-055 

-053 

-05-1 

■epxnocTb  (5' 

top  = 3Z5*  . . 
Bepx  p — 52,5* 

±059 

-0,75 

+0,75 

±053 

—0,74 

-f-0,73 

-025 

—0,42 

+0,4' 

-0.64 

-055 

-1,23 

—058 

-0,69 

-1,24 

—054 

—056 

— 059 

Bokobix  no- 

BtpXHOCTbQ' 

P-525*.  . . 

-050 

—050 

+0,88 

—0,45 

-050 

+051 

—057 

-052 

0,77 

Note.  Sections  I- 1,  II-II  and  Ill-Ill  are  arrange/located  with 
6-0  under  angles  to  flow  direction,  with  respect  to  tie  equal  ones  to 
7.5®,  by  67.5®  and  127.5®. 


Key:  Cl)*  Neasureaent.  (2).  Front/ lead  ing  left  along  flow  cylinder. 
(3).  Rear  left  along  flow  cylinder.  (4).  Rear  right  aLong  flow 
cylinder.  (5).  Sections.  (6).  Top.  (7).  Lateral  surface. 


r 


Fig.  rill.  78.  Diagraa  of  laroot  of  "parasitic"  drag  for  changing  in 
tlje  velocity  fiells. 

Key:  (1).  The  aodel  being  investigated.  (2).  Edge  of  nozzle.  (3). 
Places.  (4)  . Screen  of  aeasareaents. 

Page  356. 

It  is  especially  iaportant  to  consider  this  differenca  for  the 
above-ground  structures  about  which  flow  in  actuality  not  steady 
flow,  but  they  are  located  in  surface  boundary  layer,  where  the  field 
of  velocities  and  turbulence 
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differs  signif icai tly  froa  the  velocity  field  in  the  test  section  of 
the  duct.  However,  in  wind  tunnels  for  the  reconstruction  of  the 
variable  (on  vertical  line)  field  of  velocities  and  tirbulence,  it  is 
necessary  to  apply  special  nethods.  One  of  thea  is  installation 
during  nozzle  exit  section  of  the  specially  selected  distributed 
"parasitic"  drag  (Fig.  7111.78).  Figure  Till. 79  shows  the 
distribution  of  the  velocities,  downwashes  and  degree  of  its 
turbulence  in  the  flat/plane  flow  around  the  scheaatized  aodel  of 
single  hill  in  the  wind  tunnel  of  subsonic  speeds  in  the  nonuniforn 
incident  flow.  The  characteristics  of  flow  for  the  case  of  the 
unifora  and  variable  velocity  field  are  dissiailar.  Ti is  fact  nust  be 
considered  during  the  evaluation  of  the  siailarity  in  of  this  type 
imvestigat ions. 


Fig.  Till.  79.  Stream  conditions  above  of  nodel  single  hill. 

Page  357. 

For  obtaining  different  degree  of  the  initial  turbulence  of  flow 
in  test  section,  it  is  possible  to  use  Tible  Till.  5. 


PAGE 
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Table  VIII. 5.  Dependence  of  turbulence  level  on  the  tfpe  of  grids. 


(O 

VcrpoftcTBo  lit  BWXOAUOW  o6pe»c 

COII44I 

CTeniub  ryp6y- 
jieirruocTH  noToxa 
• pafioueu  mem 

it  %) 

^^CeTKa  13  X 13  mm:  (naHmiDHaa); 
6 — 1,9  MM  

Op 

cctkh,  Ha.ioiKCHHwc  apyr  Ha  npy- 
ra,  pa3Mepou  20  X 20  mm1',  6=2  mm 
(S  >A»e  ccthh  20  x 20  mm‘;  6 = 2 mm  h 
yroJiKH  12  x 12  mm,  ycTaHOBJieHHue 

<jepe3  80 — 100  mm  

0,85 

5.6 

(uJCetita  13  x 13  mm‘;  6 = 1.9  ii  yrojiKii 
12  X 12  mm,  ycTanoB.ifHHhie  vepes 

36  mm 

to 

Key:  (1).  Device  on  the  exit  edge  of  nozzle.  (2).  Turbulence  level  of 
flow  in  worker  they  are  frequent.  (3)  . Grid  13x13  nn2  (ariored)  ; 

6=1.9  nn.  (4).  Two  grids,  superimposed  to  each  other,  by 
size/d  intension.  (5).  Two  grids  20x20  nn2;  6=2  an  and  angle  irons 
12x12  nn,  establish/installed  through  80-100  nn.  (6).  Grid  13x13  nn2; 
6=1.9  and  angle  irons  12x12  nn,  establ isti/inst ailed  through  35  nn. 
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Page  3 25. 

Chapter  IX. 

Characteristics  of  profiles  and  wings. 

IX. T.  Characteristics  of  profiles. 

Profile  is  called  the  geometric  configuration  of  wing  sections. 
Airfoil/profiles  are  the  basic  most  widely  used  cell/elements  not 
only  wings,  but  also  all  possible  flight  vehicles,  aer oiec hanical 
machines  and  equipment/devices.  For  this  reason  to  tha  investigation 
and  creation  of  the  airfoil/profiles  of  different  designat ion/purpose 
and  for  the  varied  conditions  of  motion  (flow)  is  devated  the 
majority  of  theoratical  and  experimental  works  on  aerohy droraechanics. 

Geomatric  contours  of  profile  are  characterized  by  the  following 
parameters : 


1,  Chord.  This  is  the  line,  connecting  two  outerioat  points  of 
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airfoil/prof ile  (Internal  chord),  or  linas,  drawn  tangentially  to 
pressure  side  of  profile  and  which  connects  tailed  point  with  the 
perpendicular,  omitted  from  the  tip  of  airfoil/prof i la  (external 
chord) . 

2,  Thickness  ratio  (c) . Thickness  ratio  is  called  tha  ratio  of 
maximum  profile  thickness  c to  chord  b.  This  value  usially  expresses 
in  the  percentages: 

C\  — ~ 100. 

For  the  contamporary  a irf oil/prof ilas  c,  it  changes  aver  wide 
limits  (4-20o/o)  in  dependence  on  designation/purpose  and  conditions 
of  the  flow  around  airfoil/profile.  Thickness  distanca  relative  to 
the  leading  edge  of  an  airfoil  profile 

xc\  = £ 100 

substantia lly  affects  aerodynamic  charact eristics  and  for 
contemporary  airfoil/profiles  oscillates  within  limits  by  30-60o/o. 

3,  Center-line  camber  of  airfoil/profile.  If  we  connect  the 
middles  of  profila  thicknesses  in  each  section  (along  the  normal  to 
chord) then  will  ba  obtained  the  line  whose  curvature  iepends  on  the 
curvature  of  upper  and  pressure  sides  of  profile. 
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Page  359. 

It  is  called  the  line  of  average/mean  concavity,  or  ember  line. 
Center-line  camber,  or  camber,  is  called  the  ratio  of  the  maximum 
bending  deflection  of  center  line  to  the  chord: 


The  position  of  the  maximum  center-line  camber  of 
airfoil/profile  in  the  portions  of  chord 

tA-^-100 

oscillates  for  contemporary  airfoil/profiles  within  limits  of 
15-<*0o/o,  and  f=0- 2-3o/o.  For  many  airfoil/profiles  canter  lire  is 
the  circular  arc  or  parabola. 

4.  Completeness  of  nose  section  of  a irfoil/pr of ii e.  This  value 
is  conditionally  characterized  by  the  ratio  of  thiclcnass  at  a 
distance  to  lo/o  of  chord  to  maximum  profile  thicknsss  or  by  radius 
of  a circle,  in  which  is  outlined  the  leading  edge  of  an  airfoil 
profile. 

5.  Upper  and  pressure  sides  of  profile.  Upper  ani  lower  surfaces 
are  obtained  by  construction  according  to  a certain  law  of  ordinates 
of  upper  and  lower  surface  from  the  selected  middle  line  of 
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airfoil/profile  y*,  — / (x).  Usually  first  is  constructed  the  diaqram 
airfoil/profile  of  this  series  (Fig.  IX. 1)  for  c=100o/o.  the 
ordinates  of  this  airfoil/profile  find  from  the  expressions 

9*.  m — 9c f + 9cam  and  9*.  •»  **  9cp  9vm- 

The  coordinates  of  the  airfoil/profile  of  this  saries,  hut 
anqther  thickness  ratio  co/o  find  by  the  formulas 

9*  “ 9*.  •»  joo*  i7«  = F«.  »n 

The  various  forms  of  airfoil/profiles  for  small  ones  (subsonic 
speeds)  flight  are  given  in  Fig.  IX. 2. 

Under  aerodynamic  characteristics  are  understood  the 
characteristics  of  all  infinite  on  spread/scope  and  identical  in 
profile  cross  sections  virtually  of  this  type  of  characteristic  they 
obtain  by  testing  either  the  wing,  supported  to  the  walls  of  duct  or 
testing  the  rectangular  finite-span  wing  and  further  recalculation  of 


the  obtained  results. 
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Fig . IX. 1.  Diagram  airfoil/profile. 

Page  360. 

The  dependence  of  the  fundamental  aarodynamic  characteristics 
(coefficients)  of  airfoil/profile  on  its  attitude  (angles  of  attack) 
is  shown  on  Fig.  IX-3  (for  a symmetrical  airfoil/profile).  The  angle 
of  attack,  of  which  the  lift  coefficient  attains  its  laxiium  value 
cr.nn’  is  called  critical,  while  the  angle  at  which  cY  — 0 (for  curved 
profiles)  - zero-lift  angle.  Onder  the  quality  of  airfoil/prof ile 
(wing)  is  understood  the  ratio  of  lift  to  drag 


K 

The  angle  of  attack. 


L 

at  which  the  qaality 


is  aaxlaal. 


is  called 


the  angle  of  maxiium  quality  or,  in  the  case  of  aircraft,  by  the 
optimum  angle  of  attack. 
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Dependences  c*  = f (a)  and  cY  *=  f (a)  can  be  changed  in  the 

cr  = f(c\),  after  locating  on  this  curve  the  value  of  angles  of 

This  curve,  constructed  on  equal  scales,  is  the  locus  of  the 

terminuses  of  the  vector  of  total  aerodynamic  force  c»  or 

diagram  with  coordinates  Cr  and  <p  = arctg  Q- 

cx‘ 


form 
attack . 


pol  ar 


DOC  = 78201107 


PAGE 


C6  tS2 


MCA  OOW-ec-OO'l-fi 


Fig.  IX. 2.  Foras  of  different  a irf oil/prof iles  for  subsonic  speeds. 


Fig.  IX.  3.  Aerodynamic  characteristics  of  syaaetric  airfoil/profile. 


Page  3 61. 


Angular  coordinate  $ is  counted  off  from  polar  axis  cx,  coinciding 
with  direction  velocity  of  incident  flow.  Curve  cY  = / (c*)  is  called  by 
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polar  of  I kind  *,  or  polar  (,  also,  when  . cx  and  c,  they  are 
constructed  on  different  scales). 

FOOTNOTE  1 . In  contrast  to  polar  of  II  kind,  representing  curve 
cy,  “ f (fir,).  where  ev,  and  ex,  - coefficients  in  body  coordinate  system. 
The  polar  coordinates  of  this  curve  will  be  eR  and 
Angular  coordinate  * is  counted  off  from  the  polar  axis  cA|l  which 
coincides  with  airfoil  chord  (wing).  ENDFOOTNOTE. 

During  the  flow  around  airfoil/profile,  it  is  possible  to 
disregard  the  lateral  layer  7,  and  torque/aoaen ts  Mx  and  My  and  to 
examine  only  flat/plane  system  which  is  reduced  in  this  case  to  one 
total  aerodynamic  force,  which  lies  at  the  plane  of  symmetry.  The 
point  of  intersection  of  this  force  with  airfoil  chorl  (wing)  is 
called  center  of  pressure  aerodynamic  force  (Fig.  IX. '4). 

Center-of- pressure  location  in  dependence  on  angle  of  attack  shown  on 
Fig.  IX. 5.  The  aerodynamic  moment,  which  acts  on  airfoil/profile,  can 
be  found,  calculating  the  moment  of  the  total  aerodynamic  force  of 
the  relatively  selected  point  (usually  the  leading  edge  of  an  airfoil 
profile  or  point,  arrange/located  from  leading  edge/nose  to  1/h 
chords) . 


The  center-of - pressure  location  can  be  determine!  from  the 
diagram  of  the  forces,  which  act  on  airfoil/profile  (Fig.  IX. 6) 
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Fig.  IX. 4.  Center  of  pressure 


Fig.  IX. 5.  Center- of-pressure  location  at  different  angles  of  attack 


The  torque /monte nt  of  the  normal  force  Y relative  to  tip 


distance  from  the  point  of  the  application/* ppendix  of 


where 


For  the  linear  range  of  characteristics  cy  =/( o)  expression  for 
a aoraent  coefficient  can  be  written  analytically: 

Cm  ~ cm  mcYt 

where  m - a slope  tangent  straight  line  cm  to  axle/axis  cY  ( i*  is 
usually  egual  to  0.23-0.25). 

If  we  take  the  monent  with  respect  to  of  certain  point,  which 
lies  at  a distanca  x from  leading  edge,  then  is  aonent  coefficient 

Cm  - cm.  — mcv  + y CY  - Cm,  — Cy  (m  — j j . 

With 

*J*  “ Cm  “ Cm% 
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this  is  correct  far  all  angles  of  attack,  if  occurs  tie  even  flow  of 
airfoil/profile  (wing). 

The  point,  vs  ich  lies  on  chord  at  a distance  x=so  from  leading 
edge,  is  called  facus  or  aerodynamic  center  of  air f oil/praf i le  (wing) 
moment  coefficient  relative  to  focus  is  constant  and  agual  to  the 
moment  coefficient  when  cy  = 0. 


Fig.  IX.fi.  fig.  ix. 7. 

Fig.  IX. 6.  To  t ha  determination  of  the  canter-of-pressure  location 
Fig.  IX. 7.  Dependence  of  moment  coefficiant  on  lift  coefficient. 

Key:  (I).  Airf  oil/prof  iles. 

Page  363. 

The  position  of  focus  can  be  found  by  aerodynamic  characteristics 
cr  ":f  («)  and  mz  = f {a).  Regarding  *e  have 

M i v = — Af . + F » — const 
\t>  I * * 

or,  having  divided  by  &-Sb,  ••  will  obtain 

— mz  + cy  4 — const. 
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Having  differentiated  on  a,  we  find 

dm,  * dcy 

*f+ 


whence 


dm? 

x . da 
bm=Xf~  dcY  • 
da 


where  the  derivatives  ifr  and  - rates  of  change  to  curves  cr=l( o) 

da  da 

and  = Value  - is  negative,  since  dmtlda  ~ riejative,  and 

dcylda  - positive.  Hence  it  follows  that  the  mean  aec oi y nara ic  center 
of  wing  is  arrange /located  on  certain  distance  from  lsaiing  edge  (on 
the  negative  part  of  axle/axis  Ox  in  body  coordinate  system). 


At  the  low  sneeds  of  flight  (flow)  are  favorable  the  classical 
airfoil/profiles,  which  remind  the  airfoil/profiles  oE  tha  classical 
wings  (see  Pig.  IX. 2),  which  possess  large  lift,  considerable 
negative  zero-lift  angle,  although  comparatively  high  resistance.  To 
air  foil  data  at  these  speeds  substantially  affects  Re  number,  since 
the  flow  around  airfoil/profile  in  this  case  depends  on  the  state  of 
boundary  layer,  and  resistance,  in  essence,  from  friction.  Under 
these  conditions  small  resistance  have  air  foil/prof iles  with  the 
greatest  section  of  laminar  boundary  layer,  whose  transition  points 
and  also  the  mini*  urn  of  pressure  are  displaced  back/ago.  However,  in 
such  airfoil/profiles  value  is  sonawhat  less,  bjt  their  pnlars 
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and  character  curved  cy-»/( a)  change  in  dependence  on  umber  Pe, 
Slope/inclination  with  curve  c,  ■=  / ( o)  in  linear  range  with  change  Pe 
it  does  not  virtually  change;  also  does  not  change  zero-lift  angl®. 

With  an  increase  in  Re  number  to  numbers  M—0.6,  whei 
compressibility  effect  yet  is  not  exhibited,  are  more  favorable 
airfoil/profiles  of  the  type  NACA-230  (see  Fig.  IX. 2).  They  have 
convexo-convex  form  with  small  maximum  curvature  (~2o/o|  , 
arrange/located  ii  the  first  quarter-chord,  smaller  resistance  and 
minimum  center-of- pressure  travel,  which  makes  it  possible  *o  more 
completely  control  aircraft  with  this  airfoil/profile. 


Pig.  IX. 8.  The  deoendence  of  the  position  of  transition  point  from 
thickness  distance  for  syssetrical  airfoil/profiles;  I - Zhukovskiy 
profiles;  II  - lai inar-fl ows  profile;  III  - smooth  plate  L-  the 
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separation  point  of  laminar  flow  (independent  of  Re)  ; n - maximum 
speed  of  irrotational  flow. 

Key:  ( 1)  . Ellipse. 

Page  365. 

At  these  speeds  found  use  and  so-called  Laminar-flows  profile  (Pig. 
IX. 8) , having  as  a result  of  the  propagation  of  the  region  of  laminar 
flow  to  the  large  part  of  the  surface  displaced  separation  point  and 
smaller  resistance  (Fig.  IX. 9) . 

It  is  necessary  to  keep  in  mind  that  with  N<0.6  on  high  angles 
of  attack  the  comDressibi lity  effect  all  the  same  is  exhibited.  This 
is  connected  with  a considerable  increase  in  the  velocity  (by 
pressure  drop)  on  the  nose  and  upper  sections  of  the  airfoil/profile. 
An  example  of  the  combined  effect  of  Re  numbers  and  M on  air  foil 
data  is  shown  on  Pig.  Vli.20.  »ith  further  increase  ii  the  velocity 
even  more  greatly  begins  to  manifest  itself  the  compressibility 
effect.  Especially  sharply  it.  is  exhibited  during  education/formation 
on  the  airfoil/profile  of  regions  with  supersonic  speeds. 

■ hen  M < M«p  resistance  remains  in  effect  constant,  since  it  in 
essence  is  determined  by  the  frictional  resistance  which  to 
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insignificant  degree  depends  on  compressibility,  i.e.,  on  Mach  number 
(friction  - function  of  ductility/toughnass/viscosity,  but  not  the 
compressibility  of  gas)  . Lift  and  connected  with  it  tor gue/moment 
somewhat  grow/risa  since  local  evacuation/rarefactions  by  the  upper 
surface  of  airfoil/profile  they  increase.  During  the 
approach/approximation  of  Mach  number  to  and  the  flow  pattern  of 
airfoil/profile  significantly  changes.  The  number  M«p,  with  which  on 
airfoil/profile  appears  the  speed,  equal  to  the  local  velocity  of 
sound,  it  is  connected  with  the  form  of  air  foil/prof iLe,  its  angle  of 
attack  and  is  virtually  unambiguously  determined  by  the  valua  of 
minimum  evacuation/rarefaction  on  its  surface.  This  is  connected  with 
the  fact  that  due  to  compressibility  effect  the  local  velocities  on 
airfoil/profile  increase  faster  than  velocity  of  incident  flow. 


For  the  compressible  gas  p2<p,  (see  Fig.  IV. 33)  the  velocities 
in  section  II  are  more  than  in  section  I.  With  an  increase  in  the 
velocity  of  incident  flow,  the  velocity  in  section  II  grow/rises  more 
intensely  than  in  section  I.  The  incidence/drop  in  the  densitv  in 
section  II,  which  depends  on  absolute  velocity,  is  more  than  in 
section  I.  From  the  condition  of  the 

preservation/retention/maintaining  of  the  constancy  of 
ex penditure/con sum ption  along  the  streams  of  the  velocity  in  section 
II,  threy  must  increase  even  additionally  in  order  to  compensate  for  a 
larger  incidence/drop  in  the  density  in  this  section. 


I 
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Fig.  IX. 9. 
NACA  QO  10; 


The  polar  of  laminar-flow 
2 - laminar-flow  profile; 


profile;  1 - airfoil/profile 
3 - region  of  laminar  flow. 


Page  366. 


At  the  subcrltical  velocities  (to  numbers 
forces  at  constant  angle  of  attack  grow/rise, 
and  Glauert,  with  an  increase  in  the  velocity 


approximately  proportional  /p- — M, • 


1 


P«  = 


VT  — M*  • 


««  3- 


m y \ _ M»  ' 


M < M«p)  aerodynamic 
accordiig  to  Prandtl 
(Nach  number)  is 


FOOTNOTE  *.  Somewhat  more  precise  dependence  gives  Karman  - Tzyan 


>«-■ 


V ■ -M«  4- 


M* 


l + V\  -M» 


formula 


I 
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*.  More  precise  value  gives  S.  A.  Khristianovich  theory,  according  to 

vhcm 


where  * - 1 + gsjj-ir- M‘  ~ function  of  angle  of  attack,  thiskiess  ratio  of 

■P 

velocity  of  flow  (Pig.  TX.10,  in  which  parameter  **  «=  c+0,17/*) 
ENDFOOTNOTE. 

Draq  coefficient  does  not  virtually  change. 

The  degree  of  approx  itnation  of  these  dependences  lies  in  the 

fact  that  they  assume  change  P on  all  airfoil/profile  into  an 

identical  number  once  ( 1 1 In  reality  large 

\ V\  -M*  )’ 

evacuation/rarefar t ions  (corresponding  high  velocities  on 
airfoil/profile)  will  increase  with  an  increase  in  the  number  of 
incident  flow  more  rapid  than  it  is  smaller. 

For  the  contemporary  theory  of  the  flow  around  winged 
airfoil/profile  at  high  subsonic  speeds  it  makes  it  possible  to  more 
accurately  determine  an  increase  in  local  rarefactions  P depending  on 


1 
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Fig.  IX. 10.  Curve/qraph  for  determining  value  K. 


Page  367. 


The  latter  is  especially  important,  since  the  beginning  of  a sharp 
adverse  change  in  all  aerodynamic  characteristics  occirs  directly  on 
achievement  M,p.  On  these  reasons  during  the  creation  of 
airfoil/profiles  for  high  subsonic  speeds,  they  attempt  because  of 
the  form  of  airfoil/profile  to  obtain  at  low  speeds  sjci  distribution 
cf  pressure,  by  which  there  would  not  be  the  local  peaks  of 
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evacuation/rarefaction  (usually  on  upper  surface),  exceeding  critical 
pressure.  Value  p «P  can  he  found  from  the  expressions 


y 


whence 


XP  _ XP  w; 

2 x/i  2 


r 


2 

' xM> 


or 


— xMJ 


*P 


\*  + I 


l X — 1 \ * * 

+ xTrM‘p' 


-']• 


Here  Mtp  - flach  number  of  the  incident  flow,  with  which  on 
airfoil/profile  i3  reached  the  local  velocity  of  soanl.  Value  M,P 
depending  on  pntcx  mlI,  can  be  found  from  expression  for  /i„,  and 
dependence  pm  = f(PH„m).  The  dependence  M,„  on  ainiaua 

evacuation/rarefa;  tion  on  airfoil/profile  is  given  in  Fig.  TV.  16.  The 
character  of  the  iistribution  of  pressur  on  the  contemporary 
airfoil/profile,  intended  for  high  subsonic  speeds,  it  is  shown  on 
Fig.  IV. 32. 


As  can  be  seen  from  Pig.  IX.  1 1,  with  an  increase  in  the 
thickness  ratio,  decreases  M«p  and  increases  resistance  both  on 
ones  and,  especially,  at  the  velocities  of  appropriatv  M > M,p. 


smal  1 


k 


PAGE 

moreover  small  resistance  have  airfoil/profiles  with  tha  location  of 
maximum  thickness  approximately  to  40o/o  of  chord  *. 

FOOTNOTE  *.  For  datermining  the  increase  in  resistance  at  subcritical 
velocities,  it  is  convenient  to  use  the  method  of  A.  A.  Dorodnitsin 
and  L.  G.  Lo yt syan skiy , namely  by  the  expressions: 

cx  ~cx  'I.;  Cx  — 0.9252c,n.. 

Ap.  m *n«c*  n«cv  f 

where  ef  - / (Re,  *T)  and  »>e  — <c  *T>.  Value  ij,  depends  on  lach  number, 
thickness  ratio  and  position  of  transition  point.  ENDP03TN0TE. 
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Fig.  IX. 11.  Effect  of  thickness  ratio  on  dependence  Cxp-^IW) 

Cy  = 0 


Page  368. 

The  curve/graph,  given  in  Fig.  IX.  12,  stows  that  when  cy  “ 0 
resistance  have  the  symmetrical  airfoil/profiles  (curvature 
with  cr>  0 the  best  is  the  curvature  of  order  2o/o. 

Compressibility  exerts  a substantial  influence  on  lift 


when 


least 
0)  f and 


coefficient  and  slope/inclination  curve  cy  — /(a)  (Fig.  IX.  13)  and  a 
change  in  the  momant  coefficients.  A change  in  the  torque/moment  due 
to  coepressibility  effect  can  be  found  froa  the  expression 
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mz*«* 

Cm^~ 

(*b\  _(*b\  — *— 

\da/M  \da/„CM  y\  _M»  ‘ 


A change  of  position  of  center  of  pressure  in  coipressible  flow 

■*».  1.  n»e*K  or 

shows  that  in  the  range  of  Mach  numbers  in  question  the  center  of 
pressure  is  displaced  back/ago. 


The  amount  of  c enter-of- pres  sure  travel  (Fig.  IX.  1h)  can  be 

rate/estimated  from  relationship/ratio  Ya.  H.  Serebriyskiy 

«.  (I+O.-’M*)*  m, 

A *"*  — ~ * , -"■■■  — — i = — ^ fi( 

cr 


DOC  = 78201107 


PAGE 


Surface  condition  of  airfoil/profile,  especially  in  its  forward 
section,  affects  the  resistance  and  at  high  velocities  (Fig.  IX. 15); 
therefore  it  is  necessary  to  attempt  to  fulfill  the  surface  of 
airfoil/profile  as  far  as  possible  smoother. 

The  geometric  form  of  the  airfoil/profiles,  intended  for  motion 
with  high  velocities,  is  characterized  by  small  thickness  ratio  (to 
10-12o/o)  with  the  maximum,  delayed  by  40-50o/o  of  chord,  by  small 
curvature  of  center  line  (less  than  2o/o)  with  the  apex/vertex, 
arrange/located  to  40-50o/o  of  chord,  by  a small  radius  of  nose 
section,  by  a smooth  surface.  In  particular,  symmetrical 
airfoil/profiles  are  some  of  the  best  in  the  velocity  band  indicated. 

In  supercritical  zone  (jv,  > jv)^)  and  at  transonic  speeds  of  air 
foil  data  undergo  the  abrupt  changes.  Those  appearing  on  the 
airfoil/profile  of  shock  wave  (shock  waves)  change  the  character  of 
the  distribution  of  the  pressure  (see  Fig.  IV. 32)  and  is  caused 
supplementary  resistance  (Fig.  IX.  16) , which  intensely  it  builds  up 
with  an  increase  in  the  value  (M  — M,p.) 

If  at  the  subcritical  velocities  the  evacuation/rarefaction  in 
the  forward  part  of  the  airfoil/profile,  which  pulls  it  forward,  is  a 
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little  less  than  the  evacuation/rarefaction  on  the  rear  end  of  the 
airfoil/profile,  pulling  it  back/ago,  and  drag  resistance  as  a result 
of  this  was  snail,  then  at  hypercritical  velocities 

evacuation/rarefaction  on  the  front  of  the  airfoil/profile  decreases 
(pressure  increases),  and  on  tailed,  because  of  the  appearance  of  a 
supersonic  zone,  it  increases  (pressure  falls) . Thus,  the  forces, 
which  pull  airfoil/profile  back/ago,  strongly  increase  and  appears 
considerable  resistance  (because  of  pressure  difference).  This 
resistance  is  called  wave.  The  value  of  wave  impedance,  according  to 
the  experimental  investigations 

= A (M  — M,p)\ 

where  A - coefficient,  depending  on  the  form  of  airfoil/profile  and 
angle  of  attack  (A=8-12,  the  average  value  A=11). 


f 


I 


Fig.  IX.  15.  Effect  of  roughness  on  ex  = MM)  (airfoil/pc  of ile  nACA  - 

0-00-12;  fy  =*  0) 

Key:  (1).  Rough.  (2).  Smooth. 


/ 


Fig.  IX. 16.  The  drag-rise  characteristics  of  pressure  after  shock 
stall:  1 - pressure  on  spout  creates  resistance;  2 - shock  wave;  3 - 
loss  of  the  balancing  thrust  on  tail;  4 - breakaway. 

Page  J70. 


Experimentally  establish/installed,  that  the  value  of 
coefficient  A is  more  in  those  air foil/pc of iles,  in  which  is  more  the 

value  m.  This  means  that  tightened  shock  stall  in  similar 

' 

airfoil/profiles  subsequently  (vhenM>M,,)  i*  exhibited  in  a violent 
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increase  in  the  wave  impedance. 

Lift  coefficient  cY  (to  M — Mkp)  somewhat  grow/rises  because  of 
an  increase  in  the  evacuation/rarefaction  on  upper  surface,  and  then 
it  begins  to  fall  (especially  for  thick  airfoil/profiles),  that 
connected  with  th»  education/formation  of  supersonic  zone  and 
increase  in  the  evacuation/rarefaction  on  lower  surface  (Fig.  IX. 17). 
With  further  increase  in  Mach  number,  the  jump  on  lower  surface  is 
rapidly  moved  back/ago  and  lift  sharply  falls,  and  center  of  pressure 
is  displaced  in  direction  to  leading  edge  and  proves  to  be  sometimes 
even  in  front  of  the  airfoil/profile.  The  consequence  of  this  is  the 
appearance  of  tne  destabilizing  pitching  up  torgue/aoments . 

A change  in  the  moment  coefficients  and  center-of -prsssure 
travel  in  the  range  M=0.8-0.9  adversely  affects  the  longitudinal 
stability  of  wing  which  can  be  provided  via  the  selection  of  the 
rational  form  of  a irf oil/prcf ile. 


r 
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Fig.  IX.  17.  Profile  pressure  distribution  with  differant  Mach  numbers 


(airfoil/profile  N ACA- 0-00- 15,  a=4.2°):  1 - negative  lift;  2 - shock 


wave;  - - upper  side;  - - - lower  side. 


Key;  11).  Shock  wave. 


Fig.  KX.  18.  cx  m.  h M)  for  an  airfoil/profile  in  transonic  range. 


Page  371 
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An  incidence/drop  in  the  drag  coefficient  cx  (Fig.  IX.  18)  after 
its  greatest  value  with  M— 1 is  explained  by  the  fact  that  the  extent 
of  the  jump  before  the  airfoil/profile  in  area  of  critical  point 
decreases,  and  in  distance  from  it,  jump  becomes  oblique,  which 
decreases  the  wave  losses.  At  supersonic  speeds  of  flow,  the  flow 
around  airfoil/profile  is  connected  with  the  basic  properties  of  such 
flows. 


Flows  at  supersonic  speeds,  as  was  shown  in  § IV.  3,  depending  on 
shape  of  surface,  about  the  which  flows  the  flow,  there  ace  two 
forns:  compression  and  expansion.  On  the  basis  of  their  examination 
was  constructed  by  Ackeret  the  theory  of  the  flow  around 
airfoil/profile  (infinite-span  wing)  in  the  supersonic  flow.  This 
theory  is  valid  for  low  angles  of  attack  * and  with  the  connected 
head  and  tailed  shock  waves. 

FOOTNOTE  1 . Leading  and  trailing  edges  must  be  sharp  ones,  thickness 
ratio  - small.  ENDPOOTNOTE. 


2 <*  6 8 10  12  14  lb  - IS  70  77  7i 

Fig.  IX.  19.  Dependence  cy-/(a)  for  syanetrical  aicf oii/prof iles  with 
different  Hach  numbers. 


Page  372. 


According  to  Ackecet's  theory 


_ <o»  _ , _ *a  , 

Cjf“  ^M«  - l ; — i ’ 


the  slope/inclination  of  curves 


hi 


from  which  it  is  evident  that  froa  an  increase  in  Hach  number  the 
slope/inclination  curved  Cf  — f (d)  falls  (Fig.  IX.  19). 
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From  expression  for  cx  it  is  evident  that  at  supersonic  speeds  even 
in  the  absence  of  friction,  occurs  the  considerable  wavs  impedance. 
The  lift-drag  ratio  of  airfoil/profile  il*— in  the  suparsonic  flow 


* 


does  not  depend  on  Mach  number. 


More  precise  values  of  airfoil  characteristics  gives  the  Buzeman 
theory  according  to  which  a change  in  the  pressure  (pressure 
increment  Ap)  from  the  local  slope /inclina tion  of  airf oil/prof ile  is 
connected  by  the  expression 

-fE~  “ C»P + C*PS + cJP + cj* + . . . + c„p\ 

ypf* 

where  ct,  c2f  c3,  c4,  ...»  c*  - functions  of  Mach  number; 


P - angle,  formed  by  tangent  to  the  duct/contour  of 
airfoil/profile  at  the  particular  point  with  direction  of  undisturbed 
flow. 


For  routine  calculations  it  suffices  to  be  restricted  by  one  or 
two  members  of  a series.  The  values  of  the  Buzeman  coafficients  are 
given  in  table  IX.  1. 


The  moment  coefficient  of  symmetrical  supersonic 
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Table  H.1. 


Values  of  Busenann's  coefficients  (x  — i,4) 


*t 

f» 

u 

4364 

3032 

568,98 

1.2 

3.015 

8,307 

54,034 

1.3 

2,408 

4.300 

14,247 

1,4 

2,041 

2,919 

5,801 

1,5 

1,798 

2,288 

3,059 

1,6 

1,601 

1,950 

1,937 

1.7 

1,455 

1,748 

1,4109 

1,8 

1,336 

1,618 

1,1444 

1.9 

1,238 

1,529 

1,0050 

2,0 

1,155 

1,467 

0,9341 

2,2 

1,021 

1,386 

0,8946 

2,4 

0,9167 

1,337 

031921 

23 

03728 

1,320 

034322 

2,6 

0,8333 

1,306 

037189 

2,8 

0,7647 

1,284 

1,0382 

3.0 

0,7071 

1,269 

1,1116 

33 

03963 

1,245 

1,3090 

4.0 

03164 

1,232 

1,5132 

4.5 

0,4569 

1,224 

1,584 

5,0 

0,4082 

1,219 

1,9250 

Page  373. 


The  center-of-pres sure  location  can  be  found  fron  the  expression 

% 1 cot  I 


Hence  it  is  apparent  that  the  center  of  pressure  for  all 
symnetrical  supersonic  airfoil/profiles  lie/rests  at  the  Middle  of 
chord,  which  is  aerodynamic  focus.  In  curved  profiles  the  moments 
with  respect  to  focus  are  not  equal  to  zero  due  to  different  pressure 
stroke  on  lower  and  upper  surfaces  (Fig.  IX. 20). 
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At  supersonic  speeds  are  applied  the  airfoil/profiles  of  various 
fora:  convexo-convex,  rhomboid,  wedge-shaped  and  nixed.  Fine/thin 
flat/plane  plate  from  an  aerodynamic  point  of  view  is  the 
advantageous,  but  due  to  its  ne-constr uctiveness  it  cannot  be  used  in 
real  flight  vehicles.  Comparative  values  of  aerodynaaic 
characteristics  of  the  various  kinds  of  supersonic  a ir f oil /prof iles 
are  given  below  in  table  IX. 2 and  in  Fig.  IX.21. 


Fig.  IX. 20.  The  schematic  representation  of  the  distribution  of 
pressures  along  the  chord  of  curved  profile  at  supersonic  speeds 
(small  circle  showed  the  center  of  gravity):  a)  airfoil/profile;  b) 
the  distribution  of  pressure. 


Table  IX. 2.  Values  of  coefficients  Cy  and  ex  for  supersonic 
airfoil/profiles. 
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Key:  (1).  Airfoil/ profile.  (2).  Flat/plane  plate.  (3).  Convexo-convex 
airfoil/profile.  (4).  doable  wedge  airfoil.  (5).  Plana-weige  profiles 
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Fig.  IX.  22.  Plane- wedge  profiles. 

Page  375. 

Snail  drag  have  double  wedge  airfoils  with  the  maximum 
thickness,  arrange /located  in  the  middle  of  chords.  Aerodynamic 
guality  cyJcx  in  flat/plane  plate  is  egual  -10-15,  in 
convexo-convex  airfoil/profile  (without  taking  into  account  of 
friction)  - y 374c.  in  rhombiform  - 1/2c. 

§ IX. 2.  Wing  characteristics. 

The  used  in  different  flight  vehicles  wings,  depending  on  their 
designation/purpose  and  number  domains  Re  and  H,  for  which  they  are 
utilized,  have  different  geometric  form  and  are  comprised  from 
different  types  of  airfoil/profiles.  The  geometry  of  wing  is 
characterized  by  the  following  basic  parameters. 

Planform.  The  simplest  rectangular  form  is  applied  in  the  first 
on  time  wings.  Contemporary  wings  for  the  low  speeds  of  flight  have, 
mainly,  trapezoidal  planform  with  the  rounded  off  end/leads  of  Fig. 
IX. 23).  For  high  subsonic  and  supersonic  speeds  are  more  favorable 
swept  and  the  low- aspect-ratio  wings. 
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Ming  area  S.  Under  wing  area,  is  understood  its  area  in 
plan/layout. 

Span  o£  wing  1.  This  is  the  distance  between  the  extreme  points 
of  wing. 


Geometrical  mean  chord.  Under  mean  geometric  chord  is  implied 
the  ratio/relation  to  wing  area  to  its  spread/scope: 


The  aspect  ratio  of  wing.  Aspect  ratio  is  called  the  ratio  of 
the  wingspan  to  its  area: 


The  mean  aerodynamic  chord  (H  AC)  . The  chord  of  the  rectangular 
in  plan/layout  wing  on  which  act  the  same  aerodynamic  forces  and 
torque/moments,  as  to  the  wing  in  question,  it  is  called  the  mean 
aerodynamic  chord. 
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Page  376. 

Its  length  is  calculated  from  the  condition  of  the  equality  of  the 
torque/moment  of  airfoil/profile  (the  rectangular  wing)  to  total 
torque/mom en t of  this  wing,  which  is  egual  to  the  algebraic  sum  of 
the' longitudinal  (relative  to  2-axis)  tor que/mcments  of  the  separate 
cell/elements,  in  reference  to  their  aerodynamic  focus. 


dz 


The  pitching  moment  of  the  cell/element  of  wing  with  a width  of 


dM  = m,,qbl  dz. 


here  m - local  moment  coefficient,  in  reference  to  focus;  q 
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velocity  head. 


Equalizing  resulting  moment 

+ //a 

M = q J m,%b*dz 
-in 

to  torque/moment  M » mtCAXbCAx q,  we  will  obtain 

+ m 

m‘CAXbCAX " S J 
-in 

where  “ to rque/eoeent  of  the  rectangular  wing  of  area  S,  in 

reference  to  the  mean  aerodynamic  chord. 

Assuming  that  the  moment  coefficients  of  airf  oil/  prof  iles  are 
constant  on  entire  spread/scope 

mi.  ™ const  = m/C4jr. 

it  is  possible  from  last/latter  equality  to  find  the  length  of  the 
mean  aerodynamic  chord: 

+//j 

bCjur“  j ^ bxdz. 

-in 

For  the  rectangular  wing 

&CAX  = b. 


For  the  tapered  wing  the  mean  aerodynamic  chord  is  equal  to  the 
chord,  passing  through  the  center  of  gravity  of  the  acea  of  the  half 
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of  the  projection  of  wing  (trapezius).  For  elliptical 

I>cax  ” = 0t84886mi|. 

The  center-of -gravity  location  of  apparatus  (aircraft)  usually 
expresses  in  the  portions  of  the  lean  aerodynamic  chocd.  The  mean 
aerodynamic  chord  is  disposed  of  in  such  a way  that  its  aerodynamic 
focus  would  coincide  with  the  aerodynamic  focus  of  real  wing,  and 
chord  itself  was  parallel  to  the  chord  of  that  airf oii/prof ile , along 
which  are  counted  off  the  angles  of  attack  and  the  zero- lift  angles 
of  entire  wing. 

Page  377. 

Wing  taper.  This  is  the  ratio  of  the  greatest  root  chord  to  end 
wi-ng  chord 


Transverse  sweepback.  Transverse  sweepback  is  applied  for  ar. 
increase  in  lateral  stability  and  is  characterized  by  the  angle 
between  Z-axis  and  chord  plane. 

Wing  warp.  Torsion  is  called  the  relative  rotation  of  wing 
sections,  which  leads  to  the  fact  that  when  c»„,  = 0 the  value  of 
local  lift  coefficients  (for  separate  sections)  not  ejual  to  zero.  If 


wh;en  cy  = 0 the  values  c'y  = 0,  then  wing  is  called  aarody  namically 
flat/plane.  If  the  chords  of  all  sections  lie/rest  at  one  planes, 
then  this  wing,  being  geometrically  flat/plane,  but  being  comprised 
from  the  airfoil/profiles,  which  have  different  zero-lift  angles 
(a 0)  , it  can  be  aerodynamically  twisted,  i ing  can  be  twisted 
positively  (angle  of  attack  toward  the  end  of  the  wing  increases)  or 
it  is  negative,  and  to  also  have  both  of  forms  of  torsion. 

Set  of  airfoil/profiles.  The  first  on  time  wings  have  identical 
airfoil/profiles  along  the  length  spread/scope.  Recently  widely  are 
applied  the  wings,  which  have  different  airfoil/profiles,  which  is 
connected  with  the  need  of  providing  the  best  conditions  of  their 
flow  for  the  system  of  flight  vehicle  (low  resistance,  large  lift, 
preventing  the  premature  separation  of  flow  and  deterioration  in  the 
moment  characteristics).  Aerodynamic  wing  characteristics  differ 
significantly  from  air  foil  data,  from  which  it  is  comprised,  since 
the  finiteness  of  the  wingspan  and  the  effect  of  the 

cor jugated/combine d with  it  cell/elements  of  apparatus  changes  entire 
character  of  flow  (speed,  pressure,  angles  of  attack,  etc.). 

Let  us  examine  the  wing  about  which  flows  liquid  or  gas  and 


possesses  lift.  The  presence  of  lift  indicates  that  the  pressure  on 
upper  surface  is  less  than  the  pressure  on  lower.  The  decrease  of 
pressure  in  streams  on  upper  surface  is  connected  with  an  increase  in 
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their  velocity  an  increase  of  the  pressure  in  the  straass,  which  flow 
around  lower  by  the  wing  surface,  it  is  connected  with  the  decrease 
of  their  speed.  This  change  in  the  speeds  of  flow  about  wing  can  be 
obtained,  if  besides  the  incident  to  wing  wain  flow  around  wing  it 
will  exist  by  other,  which,  being  added  with  basic,  will  lead  to  an 
increase  in  the  velocities  on  the  upper  wing  surface  and  to  their 
decrease  on  lower.  This  flow  can  be  only  circulation  (Fig.  IX.  24). 

Let  us  examine  some  questions,  connected  with  the  circulation 
flow.  Let  us  conduct  in  fluxion  certain  closed  duct/contour  (Fig. 

IX. 24)  . At  any  point  A on  this  duct/contour , the  liquid  will  have 
ce-rtain  velocity  v.  Distance  S of  point  A from  the  initial  point  r> 
let  us  consider  in  direction  clockwise  the  value  of  positive,  and  in 
the  opposite  direction  - negative. 

Page  378. 

Circulation  is  called  sum  T = Jojds.  undertaken  on  entice  duct/contour . 
Here  ds  - element  of  line,  which  contains  point  with  the  speed  to 
direction  of  tangent  in  this  place,  by  equal  to  vs ■ Circulation  is 
measured  in  square  meters  per  second.  It  is  closely  related  with  the 
rotation  of  liquid. 

The  rotation  of  liquid  differs  significantly  fro«  the  rotation 


DOC  = 78201107 


PAGE  &T 

of  solid  body.  If  foe  the  solid  rotating  body  all  points,  which  lie 
at  a distance  of  r from  rotational  axis,  will  have  velocity  v=ur, 
where  u - an  angular  velocity,  then  for  a liquid  its  separate  regions 
can  rotate  with  different  angular  velocities  and  it  is  necessary  to 
speak  only  about  the  local  angular  velocity  of  the  given  small 
particle  of  liquid.  Thus,  the  rotation  of  liquid  is  characterized  by 
the  angular  velocity  in  this  place. 

Eddy/vortices . Eddy/vortices  appear  during  the  flow  around 
bodies  of  real  liquid  (viscous  fluid)  and  their  value  in 
aeromechanics  is  extremely  great.  On  its  physical  essence  the 
eddy/vortex  represents  rotary  motion  of  liquid.  The  value  of  angular 
velocity  is  closely  related  with  circulation,  namely:  the  angular 
rate  of  rotation  of  liquid  «>„  is  directly  proportional  to 
circulation  tq  and  it  is  inversely  proportional  to  tae  doubled  area 
of  duct/contour  [2  a),  for  which  it  is  found  Cf ; 


By  analogy  with  line  and  tube  of  flow  and  other  parameters  in 
fluxion,  occur  the  vortex  lines  and  vortex  filaments,  or  vortex 
filaments.  The  vortex  filaments  as  this  is  establish/installed  by 
Helmholtz  in  theoretical  hydromechanics,  they  cannot  terminate 
suddenly:  they  either  stretch  into  infinity  or  they  rest  on  the 
boundaries  of  liquid  (wall),  or  they  are  closed  into  rings.  Very 
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frequently  the  boundaries  of  liquid  (wall),  or  are  closed  into  rings. 
Very  frequently  the  liquid  in  flow  is  not  all  whirling  and  swirled 
reqions  take  the  form  of  the  long  bodies,  the  so-called  vortex  lines. 
The  velocity  field,  which  appears  about  the  vortex  line,  not 
arbitrary,  but  is  connected  with  its  circulation.  Circulation  around 
rectilinear  vortex  line  (Fig.  IX. 25) 

line 

of  the  vortex  line. 


r = 2nrv, 

whence  velocity  around  the  vortex 


where  r - radius  of  any  point  out 


I 


r 
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Fig.  IX. 24.  Circulation  on  duct/contour. 

Page  379. 

As  can  be  seen  from  this  expression,  particle  spaed  with  its 
removal/distance  from  eddy/vortex  will  decrease  according  to 
hyperbolic  law.  within  quite  vortex  line  (w=const)  of  velocity,  they 
will  change  as  for  rotating  solid  body.  Velocity  on  aa  y radius  rx 
within  the  vortex  line 

i. e.  is  changed  according  to  linear  law. 

Difference  in  the  motion  of  liquid  within  the  vortex  line  and 
out  of  it  consists  not  only  of  the  amount  of  the  velocity,  but  mainly 
in  the  fact  that  within  its  liquid  rotates,  and  out  of  cord  - it  does 
not  rotate.  The  absence  of  rotation  in  the  exteriors  of  the  liquid  is 
connected  with  the  fact  that  the  circulation  on  any  duct/contour. 


which  covers  thasa  particles,  but  which  does  not  include  the  vortex 
line,  is  equal  to  zero. 

ab  In  experimental  aercaechanics  hiyh  value  have  the  velocities, 
induced  by  eddy/vortices  in  its  surrounding  liquid,  for  example 
during  the  flow  around  of  the  wing  of  final  spread/scope.  The  induced 
with  vorticity  for  the  incompressible  fluid  is  determined  from  the 
formula  of  Biot  and  savart  by  analogy  with  the  action  of  the 
cell/eleaent  along  which  flews  the  current  to  magnetic  pole  (Fig. 

IX. 26)  : 

V=4*V,)  Si,)  * ' d*  * <COS  * ~ *»• 

Far  the  case  of  infinitely  rectilinear  eddy/vortex,  this  formula 
takes  the  fora 


r 

(since  #,=  180°  and  $2  = 0)  . 
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Pig.  IX. 25. 
rectil inea  r 
line. 


Fig.  IX.  26 • 
rectil inea  r 


Velocity  field  of  the  rectilinear  vortex  line:  a) 
vortex  line;  b)  the  velocity  field  of  rectilinear  vortex 


On  the  calculation  of  the  velocity,  induced  with 
vortex  line. 
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For  half-cord  (i.e.  the  vortex  line,  which  rests  by  one  end/lead 

•n  plane,  and  by  other  exiting  into  infinity)  of  #|  = 93°,  *2  = 0 and, 

# 
m 

therefore, 

t,=  4SVV 

Magnus's  force.  Let  us  examine  the  flow  around  tae  cylinder  of 

flew,  comprised  of  forward/progressive  with  a a rate  of  of  v0  and 

r 

circulation  with  speed  As  a result  of  cooperating  both  of  flows 

of  the  velocity  above  of  cylinders  (Fig.  IX. 27)  they  will  be  more, 
rather  than  velocity  below,  i.e.,  will  appear  the  force, 
perpendicular  to  the  direction  of  the  incident  flow,  which  is  called 
lift.  The  amount  of  this  force  can  be  found  with  the  aid  of  the 
equation  of  Bernoulli  1 . 

1 

Pi  + p|»P  + 9%  —H 

or 

2°.  si"  9 + 23?)'. 

FOOTNOTE  *.  As  wa3  said  in  § II. 3,  velocity  on  the  surface  of 


A 
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cylinder  at  velocity  of  incident  flow  v0  will  compose  2v0  sin  9.  To 
it  it  is  necessary  to  add  velocity  from  the  circulation  flow 
ENDFOOTNOTE. 

To  the  cell/alement  of  cylinder  with  a width  of  IS  and  by  length 

(on  generatrix)  1 will  act  the  force 

bp~*pdSl, 

projection  of  which  on  axle/axis  Oy 

A pr—  — pdSl  sin  8. 

For  obtaining  the  complete  force  py,  which  acts  on  entire 
cylinder,  it  is  necessary  to  conduct  the  addition  (integration)  of 
elementary  forces  A py,  after  replacing  in  this  case  dS  by  Rdd  and 
after  substituting  for  p its  value  from  the  equation  of  Bernoulli. 

The  results  of  this  summation  give  the  value 

Py^plvf . 

Force  py,  or  Nagnus's  so-called  force,  is  proportional  to  the 
air  density,  velocity  of  incident  flow,  to  the  length  of  the  chosen 
section  of  cylindar  and  circulation  around  it. 


DOC  = 78201108 


PAGE  ? 


% 


Fig.  IX. 27.  The  Magnus  force:  a - interaction  of  two  flows;  b - 
trajectory  of  the  wheeling  cylinder  (broken  line  - without  taking 
into  account  of  Magnus's  forces,  continuous  - taking  into  account 
Magnus 's  f orces) . 

Page  381. 

The  direction  of  this  force  coincides  with  the  sense  of  the  vector  of 
the  speed  of  forward/progressive  flow,  turned  on  90°  to  the  side, 
reverse/inverse  circulations.  In  practice  Magnus's  focce  can  be 
obtained,  rotating  cylinder  in  the  incident  flow,  perpendicular  to 
its  axle/axis.  Cylinder  will  carry  along  after  itself  air  and  give  it 
in  rotation.  ». 
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FOOTNOTE  ».  This  type  of  rotating  cylinders  were  proposed  by  Flettner 
for  replacing  the  sails  aboard  ships.  ENDFOCTNOTE. 

The  rotating  artillery  shells  and  the  rockets,  waich  fly  at 
certain  angle  of  attack,  test  the  action  of  Magnus's  force,  that  it 
is  necessary  to  consider  during  the  calculation  of  their  flight 
trajectory.  If  light/lung  paper  cylinder  is  rolled  up  on  inclined 
plane  down,  then  under  the  action  of  the  force  indicated  it  will 
change  its  trajectory.  Figure  IX. 27  by  dotted  line  gives  trajectory 
in  the  absence  of  Magnus's  force,  solid  line  depicts  the  trajectory 
of  cylinder  in  the  presence  its.  To  determine  the  effect  of  Magnus 
effect  on  the  longitudinal-behavior  characteristics  of  the  rotating 
bodies  is  possible  by  testing  the  rotating  models  in  wind  tunnel. 
Figure  IX. 28  gives  the  diagram  of  similar  installation.  Model  is 
fasten/strengthened  to  six-components  balance  of  duct.  The  rotation 
cf  model  is  realize/accomplished  with  the  aid  of  flexible  shaft  by 
the  engine,  not  connected  with  weights.  The  special 
feature/peculiarity  of  such  experiments  is  the  smallnass  of  the 
measured  forces  and  the  necessity  of  the  account  of  the  effect  of  the 
elasticity  of  flexible  shaft  on  readings  of  weights. 
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fig  IX. 28.  The  diagram  of  installation  of  model  in  dust  for 
determining  the  effect  of  flagnus's  force;  1 - electric  aotor;  2 - 
flexible  shaft;  3 - weights;  U - frame  of  balance. 

Page  382. 

Zhukovskiy  theorem.  Examining  the  lift  of  infinite-span  wing  in 
the  flow  of  ideal  fluid,  N . E.  Zhukovskiy  will  show  that  wing  can  be 
replaced  with  the  so-called  bound  vortex  with  the  same  circulation. 
This  correctly.  Decause  once  wing  has  lift,  means  circulation  around 
this  wing  it  is  not  equal  to  zero  and  the  flow,  which  flows  around 
it*  can  be  presented  as  fcr  ward/progressive,  to  which  as  is 
superimposed  the  circulation  flow.  For  the  poiQts,  distant  far  from 
wing,  the  velocity  field,  caused  by  the  bound  vortex  is  analogous 
with  the  velocity  field,  caused  by  wing  with  the  same  circulation.  By 
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N.  Ye.  Zhukovskiy  was  found  the  lift,  acting  on  the  wing: 

Y mxplvj'. 

This  theorem  was  formulated  by  N.  Ye.  Zhukovskiy  as  follows: 
lift  Y,  acting  on  infinite-span  wing,  was  egual  to  the  air  density  p, 
multiplied  by  circulation  f,  velocity  of  flow  in  infinity  v0  and 
length  of  the  chosen  section  of  wing  /.  If  velocity  vector  is  turned 
on  90°  to  the  side,  reverse/inverse  circulations,  then  it  is  possible 
to  obtain  line  of  force.  As  it  is  possible  to  note,  Magnus's  force 
exists  a special  case  of  the  lift,  detenined  according  to  Zhukovskiy 
theorem.  But  this  theorem  links  the  amount  of  circulation  and  lift, 
but  is  not  solved  a guestior  concerning  the  very  value  of 
circulation,  which  depends  on  the  form  of  wing  profile  and  other 
factors. 

The  selection  of  value  r is  realize/accomplished  according  to 
Zhukovskiy  - Chaplygin's  postulate  in  such  a way  that  the  descent  of 
flow  line  from  wing  profile  would  occur  from  trailing  edge  (Fig. 

IX. 29)  . If  circulation  is  great  or  small,  then  the  descent  of  flow 
lines  will  occur  from  lower  or  upper  surface. 

The  Joukowski  theorum  is  the  important  for  entire  aeromechanics. 
On  its  basis  are  conducted  the  calculations  of  wings,  propellers, 
turbines  and  other  aer oaechanical  apparatuses  and  egui pment/de vices. 
From  this  theorem  it  follows  that  for  the  wing 

21  cyVs*  _ Lr  fa, 

‘~p vi  tyoi  T (equation  of  relation). 


t 


Pig.  IX. 29.  To  tha  selection  of  value  f:  a - r is  selected 
correctly;  b - r is  snail;  c - /"is  great. 

Page  383. 

Value  c,  can  be  found,  if  is  known  dependence  [da/^  for  an 
infinite-span  wing  this  type  and  the  true  angle  of  attack, 
depending  on  velocity  of  incident  flow,  the  actual  anjle  (calculated 
off  zero-lift  angle  and  the  vertical  velocity,  caused  by  the 
vortex/eddy  systea,  which  disappears  froa  the  wing; 


FOOTNOTE  ».  ( dw")»  is  taken  as  as  the  usually  equal  to  5.6. 

EKDFOOTNOT  E. 


r 
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In  practice  are  applied  two  methods  of  the  experimental 
determination  of  circulation.  The  first  method  is  instituted  on 
Zhukovskiy  theorei,  according  to  which  for  the  elementary  lift  dp  of 
the  cell/element  of  wing  on  spread/scope  dz 

dp  — pvrdz. 

On  the  basis  of  experiments  according  to  the  distribution 

= i/i  cos  a — xx  sin  a = cos  a \ (p  — pt)  dxx  — 

' S 

— sin  a jj  (p  — p#)  dyv 

He  hence  obtain  expression  for  circulation  in  this  wing  section: 

$ (p  — pt)dxv  — sin  a \ (p  — pJdyX 

S s J 

If  the  distribution  of  pressure  is  obtained  in  a sufficient 
number  of  wing  sections,  then  it  is  possible  to  find  circulation 
distribution  according  to  entire  spread/scope.  But  circulation  on 
duct/contour  S can  be  found  by  direct  measurements,  utilizing  the 
expression 

r~\  v cos  (£»,  ds)ds  = ^udx  + v dy  + w dz. 
s s 

Such  measureients  it  is  possible  to  produce  by  nazzles  for 
determining  of  value  and  direction  of  velocity.  In  this  case,  it  is 
necessary  to  bear  in  mind,  that  the  measurements  of  circulation  on 
the  duct/contours,  which  seize  wing,  must  pass  in  the  region  of  trace 
(wake  zone)  approximately  in  the  direction,  perpendicular  to  wake 


* 
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Page  384. 

After  obtaining  from  experiments  the  value  of  the  circulation  of 
sections,  that  form  wing,  it  is  possible  to  consider  the  set  of 
airfoil/profiles,  the  twisted  nature  and  the  angles  of  setting 
sections,  to  find  with  the  aid  of  known  integrodif ferential  equation 
both  the  circulation  distribution  according  to  wing  and  its  complete 
value  at  different  angles  of  attack.  Experiments  show  that  the  error 
in  the  determination  of  circulation  frcm  the  measurements  of  the 
distribution  of  pressure  or  velocities  does  not  exceed  lo/o. 


In  the  case  of  finite-span  wing,  just  as  inf  inita-span  wing,  it 
it  is  possible  to  replace  with  the  attached  on  the  spot  vortex  line. 
However  so  that  this  ccrd  can  exist,  it  must,  according  to  Helmholtz 
theorem  about  eddy /vor tices , or  be  closed  to  itself  or  stretch  by  its 
end/leads  into  infinity.  The  only  method  to  satisfy  these  conditions 
is  the  confirmed  by  experiments  assumption  that  from  wing  tips  run 
off  the  ed dy/ vorti ces,  which  they  are  seized  by  flow  and  go  back/ago 
in  the  direction  of  velocity  of  incident  flew.  These  add y/vort ices 
are  called  free  vortices  or  vortex/eddy  whiskers. 


I 


Real/actually,  as  a result  of  pressure  differenca  on  the  upper 


r 
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and  lower  wing  surfaces,  will  occur  the  overflowing  of  air  from  lower 
surface  to  upper,  and  from  wing  will  run  off  two  eddy/vortices.  In 
the  simplest  case  the  wing  of  finite  span  is  aerodynai ical ly 
equivalent  to  the  U-shaped  diagram  of  eddy /vortices  (Pig.  IX. 30), 
which,  however,  in  pure  form  is  not  realized.  In  view  of  the 
nogunifora it y of  lift  distribution  (circulation)  according  to 
spread/scope,  due  to  the  tip  effect,  difference  between  the  chords, 
airfoil/profiles  and  the  like  from  wing  run  off  many  eddy/vortices 
which  after  wing  are  coagulated  into  the  vortex  sheet  (Pig.  IX. 31)  . 
The  vortex  sheet  is  unstable  and  soon  after  runoff  from  wing,  it  is 
coagulated  into  two  vortex/eddy  whiskers.  However,  foe  solving  many 
practical  tasks,  is  examined  the  diagram  of  horseshoe  vortices. 
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Fig.  IX. 32.  The  induced  velocity:  a - plan  view;  b - form  against 


flow. 


Page  385. 


Induced  drag.  The  rotation  of  trailing  vortexes  (Fig.  IX. 32)  is 
directed  in  inside  wing,  as  a result  of  which  is  induced  the  vertical 
velocity,  which  leads  to  the  decrease  of  true  angle  of  attack  and  the 
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appearance  of  supplementary,  so-called,  induced  drag. 

The  average  speed, 

where  1 - wingspan. 

Value  r can  be  found  from  the  equation  of  relation  between 
values  r and  cy: 

Y^pivr  = crpS|, 

whence 


sign  "minus”  it  snows  that  the  velocity  vy  is  directed  down. 

The  downwash  angle  Aa  is  obtained  by  the  addition  of  velocities 
of  flow  and  inductive  (Fig.  IX. 3.7),  also,  in  view  of  its  smallness 
(wflrf-v)  : 

tgAa-Aa~'-'«i 

Positive  is  conditionally  considered  the  rake  angle,  generatrix 
in  the  direction  of  the  induced  velocity  down.  True  (affective)  angle 
of  attack  of  the  wing,  establish/installed  in  flow  at  geometric  angle 

a: 

a,  = a — Aa, 

with  X=-  (infinite-span  wing) 


induced  by  the  eddy/vortices 


2 r 

vr  = *i' 


a,  =a. 
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The  presence  of  dovnvash  leads  to  certain  lift  convergence  and 
essential  increasa  in  the  drag.  Coefficients  of  aerodynamic  forces, 
in  reference  to  the  velocity  of  flow  at  infinity  (in  wind  axes)  of 
the  rotation  of  flow  to  angle  Aa: 


Ck—CkCOS  Aa  — c*,  sin  Aa, 
cx =CK*in  Aa  + c'x,  cos  Aa, 

here  c , and  - lift  coefficients  and  frcntal  (or  profile  drag) 

for  an  infinite-span  ving,  that  correspond  to  true  angle  of  attack 
«<• 


Pig.  IX. 33.  Effect  of  induced  Telocity. 


Key:  (1).  Chord . 

Page  386. 


Count ing 


sin  Aa  = Aa. 
cos  Aa  = I , 


we  will  obtain  l, 


Cy^Cy, 


■ Cy  Aa  + CXp  — Cy  Aa  -r  c 'xr  - 


FOOTNOTE  ».  Product  cxP  sin  Aa  can  be  usually  disregarded.  Priaes  in 
this  foraula  it  is  possible  not  to  place,  if  to  reaenDer  that  eY  and 
eXr  they  are  taken  on  true  angle  of  attack.  ENDFOOTNOTE. 


Value  cr\a  = cXi**  is  called  induced  drag  whose  value  depends  on 

values  Cy  and  k.  It  occurs  even  in  the  case  of  the  flow  around  of 
the  wing  of  final  spread/scope  of  ideal  fluid.  Soaewhat  aore  precise 


.! 
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formula  of  induce!  drag  takes  the  form 

l +*  c\ 

c*'“  * 1 • 

where  6 changes  within  limits  of  0-0.14.  *. 


FOOTNOTE  2.  For  flat/plane  tapered  wings  6,  it  varies  within  the 


limits  with  0.01-0.08  (A=5-10  and  n =1-5).  For  the  twisted  tapered 
wings  the  value  cXl  increases  approximately  by  0.0003.  During  an 
increase  in  the  velocity  (up  to  the  education/f oraation  of  shock 


waves  on  winq)  induced  drag  can  be  found  frcm  the  expression 

, 1 + 6 A 


EN.DFOOTNOTE. 


The  values  of  coefficients  kx  and  A2  in  the  expressions 

cy  . . Cv 

cXi  = A if'* 

for  soae  simplest  forms  of  wings  are  given  in  Table  IX. 3.  Induced 
drag,  which  is  in  known  sense  the  value  of  lift,  shows  that  to 
energetically  more  favorably  produce  deletion  with  the  wing  down  of 
air  with  lower  speed,  but  larger  mass  (under  this  lift),  which  is 
possible  during  an  increase  in  the  spreai/scope  or  wing  aspect  ratio. 
This  fact  is  utilized  for  aircraft  with  the  long  range  of  flight. 

The  theory  of  induced  drag  is  well  confirmed  by  numerous 
experiments.  The  results  of  the  tests  of  the  wings  of  different 
elongations  after  recalculation  for  one  elongation  give  the 
coinciding  results  (Fig.  IX. 34). 
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Table  IX. 3.  Values  of  coefficients  A4  and  k2. 


(0  +ODM1  Kpuxa 

*1 

A, 

a.ijHniHHecKoe  . . . 

0.318 

0,318 

^TpaneuHCBHjiHoe  . . . 

0.318 

0,318 

(V;npauo)rojibHoe  . . . 

0,335 

0,375 

prjIlpflMovrojbHoe  c 3a- 
Ba.ieHHbiMH  KOHUaMM 

0,318 

0,338 

UpHMoyro^bHoe  co 

CKpyr.lCHHhlMH  KOH- 

ua  mm 

0.318 

0,365 

[D  Po«6o»MAHOf 

0,363 

0,383 

Key:  (1).  Form  of  wing.  (2).  Elliptical.  13) . Trapezoidal.  (4). 
Rectangular.  (5).  Rectangular  with  filled  up  end/leads.  (6). 
Rectangular  with  rounded  off  end/leads.  (7) . Rhomboid. 

Page  387. 

The  recalculation  of  the  wing  characteristics,  obtained  during 
one  elongation  X,,  for  another  X2  or  infinite  elongation  X=«,  is 
conducted,  on  the  basis  of  the  fact  that  at  identical  true  angles  of 
attack  for  both  of  wings  all  the  aerodynamic  coefficiants  will  be 
identical,  i.e., 

cr^cr.^cy, 

Cx,,  = Cxp,  “ cXp, 

Cm,  “tn,  “ Cm. 

The  equality  of  true  angles  of  attack  is  determined  by  the 


relationship/ratio  s 
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or 


a* =0,*  — AaJ  = aj  — AaJ, 
aj  — AaJ  = aj  — AaJ, 


whence,  remembering  that 


where 


aj  — aj  =cyk. 

For  the  recalculation  of  curve  cY  = f ( a°)  it  is  necessary 
point  (for  each  value  cY,  **  Cy,  **  Cy)  to  shift  by  value  «#l-a°2 
IX. 35)  . 


each 

(Fig 


curves,  converted  on  x = 5. 


Page  388. 

The  recalculation  of  drag  coefficients  is  conducted  from  the 
condition 

Cx,  =Cxi,  +c**,. 

CXt  = CXit  + CXh< 

H,vth  equality  for  this  value  c, 

ct  I 1 I \ 

Cx.  - CX,  - <*<•  - cxl,  “ n (5  ~ jj - c\k. 

Consequently,  moving  the  points  of  polar  with  Xt  to  value  c\k  we 
will  obtain  polar  with  X2  (Fig.  IX. 36). 

If  moment  curve  is  assign/prescribei  in  the  form  of  dependence 
it  remains  constant/invariable  for  different  values  X (since 
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the  coefficieat  cY  of  recalculation  reaains  constant/invariable)  . If 
moment  curve  is  assign/prescribed  in  the  fora  cm  -f  (i°)  , then  it 
must  be  corrected  to  difference  (otj  — oj  -■  / (crj  (see  Pig.  IX. 34). 

For  obtaining  the  wing  characteristics  of  infinite  elongation 
necessary  in  finite-span  wing  A to  deduct  entire  angla  of  rake 

a}  — a Jo  ” 57 ,3  ^ 

and  all  induced  drag 

<\ 

exit  — 

Simplified  theory  presented  previously  of  induce!  drag,  without 
taking  into  account  of  compressibility  effect,  assumes  the  constancy 
of  downwashes  along  spread/scope  and  elliptical  circulation 
distribution  at  the  average  values  of  elongation. 
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For  Fig.  IX.  35.  To  the  recalculation  of  characteristics  ey-/(a)  wing 
for  another  elongation. 


Fig.  IX. 36.  To  the  recalculation  of  wing  polar  for  another 
elongation . 


Page  389. 

In  actuality  contemporary  wings  have  a planform,  different  from 
elliptical,  downwash  in  spread/scope  variable,  wing  warp,  sveepback, 
etc.  All  this  requires  the  more  precise  account  of  induced  drag.  This 
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account  is  conducted  by  the  careful  calculation  of  circulation  and 
tapers  along  the  wingspan  with  the  aid  of  the  refined  theoretical  and 
experimental  methods. 


If  we  on  curve/graph  Cy  = / (c*)  finite-span  wing  plot  the  curve, 
obtained  from  the  expression 

r *v 

then  the  obtained  parabola  (parabola  of  induced  drag)  is  the  wing 
polar  of  final  spread/scope  in  ideal  fluid.  It  makes  it  possible  to 
divide  wing  drag  on  two  parts:  profile  and  inductive.  The  value  of 
profile  drag  is  low  (0.004-0.01)  and  depends  on  the  form  of 
airfoil/profile.  Re  numbers  and  H and  angle  of  attack.  At  high  angles 
of  attack,  induced  drag,  proportional  cV,  rapidly  increases; 
therefore  they  attempt  wings  to  make  considerable  elongation  \>10-12 
example,  for  the  aircraft,  which  fly  at  high  angles  of  attack  - 

* • • 

high-altitude,  hyperdistant,  etc.),  which  leads  to  decrease  of 

% 

induced  drag.  At  subsonic  speeds  where  the  compressibility  effect  yet 
is  not  exhibited,  aerodynamic  characteristics  depend,  mainly,  on 
elongation,  planforn,  contraction  and  properties  of  airfoil/profile. 


• One  of  the  most  important  wing  characteristics  is  the  spanwise 
li-lt  distribution,  which  depends  (over  a wide  range  of  elongation) 
cjjly  on  wing  planform. 
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Fig.  IX. 37.  Effect  of  wing  planform  on  flow  separation.  The  sections 

where  begins  flow  breakaway  from  wing,  are  shaded:  a - positive 
* • 

sweepback  b - a trapezoid;  c - rectangle;  d - ellipse;  e - negative 
sweepback. 

Key:  (1).  cross  flow. 

Page  390. 

The  local  ieportance  of  the  lift  coefficient  of  this  geometric 
angle  for  the  tapered  wing  increase  to  its  end/leads,  and  values 
cr^will  be  reached  more  earlily  in  tail  pieces,  which  causes  intense 
flow  separation  with  an  increase  in  the  contraction  of  the  tapered 
wings.  In  this  case,  appears  the  danger  of  the  aileron  power  loss  and 
stalling  of  aircraft  to  wing  due  to  the  asyenetry  of 


w 


disruption /separat ion  on  both  wings,  in  the  rectangular  wing  the 
airfoil/profiles  of  the  middle  part  work  at  high  angles  of  attack 
because  the  induced  velocity,  which  decreases  the  angle  of  attack, 
increases  to  wing  tips,  flow  separation  appears  in  its  middle  (Fig. 
IX. 37),  and  ailerons  retain  their  effectiveness,  also,  at  high  angles 
of  attack.  In  elliptical,  aerody namically  unwarped  wings  the  value 
Cvmu  end  sections  due  to  the  decrease  of  chords  and  Be  numbers 
somewhat  descends  on  spread/scope  and  flow  separation,  beginning  in 
the  middle  part,  rapidly  is  spread  to  entire  wing- 

The  adverse  phenomena,  connected  with  the  nonunif ot mity  of  load 
distribution  (lift)  according  to  the  wingspan,  can  be  to  a 
considerable  degree  attenuate/weakened,  applying  aerodynamic  torsion 
and  different  means  the  mechanizations,  which  increase  both  the 
overall  and  local  amount  of  the  lift  of  wing.  Especially  this  is 
important  for  the  conditions/modes  of  the  high  angles  of  attack 
(landing/fitting,  maneuver,  etc.)  of  those  aircraft  whose  wing  area 
is  selected  small  for  the  purpose  of  an  increase  in  the  maximum 
spmcd.  The  provision  for  safe  landing/fitting  of  this  type  of 
apparatuses  requires  increase  cy^..  for  decreasing  the  landing 
speed,  and  minimum  speed  of  the  flight: 


whmrm  G - weight  of  apparatus;  s - wing  area. 
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As  the  leans,  which  ensure  an  increase  Ci  mM  wing,  are 
utilized  mainly  the  eguipme nt /devices,  which  increase  its  area, 
effective  camber,  flaps,  panels,  slats  (Fig.  IX. 38),  and  also  suction 
and  blowing  of  boundary  layer.  The  character  of  the  effect  of 


■echan  ization  on  value  cymM  is  shown  on  Fig.  IX. 39.  A selection  of 
one  or  the  other  type  of  aechanization  aust  be  produced  with 
consideration  a change  not  only  values  <*„,«•  but  also  coefficients 
cx  and  cn=f  (i).  Is  feasible  in  principle  also  the  aethod  of  an 
increase  in  the  lift  because  of  a change  in  the  wing  area,  but  in 
practice  due  to  structural/design  difficulties,  it  still  little  is 
applied. 

Are  recently  proposed  the  jet  flaps,  in  which  the  energing  from 
jet  engine  gases  are  discharged  at  certain  angle  down  near  trailing 
wing  edge.  In  this  case,  the  lift,  which  increases  because  of  the 
projection  of  reacting  force  of  jet  and  the  suppleaentar y 

a 

evacuation/rarefaction,  which  appears  on  the  upper  part  of  the 

airfoil/profile,  reaches  the  enormous  values:  Cy **  10—12  (Fig. 

IX. 40).. 


The  character  of  course  by  curve  cY  = f(«)  in  the  region  of  high 
angles  of  attach  can  cause  the  autorotation  of  wing  around 
longitudinal  axis  x. 


Page  392. 

If  near  the  angles,  which  correspond  Cruat‘  wing  under  the  effect  of 
external  reason  starts  up,  then  the  angles  of  attach  of  left  and 
right  half  of  wings  will  begin  to  change,  naaely:  the  angle  of  attach 
of  the  discharged  wing  tip  will  increase,  apd  heaving  - it  decreases. 
In  this  case,  as  it  follows  fron  dependence  cY  «f(e),  the  lift  of 
the  oaitted  half  wing  decreases,  and  heaving  - it  will  renain  alnost 
without  change,  as  a result  will  appear  the  torque/aoaent  Mx,  which 
increases  bank  and  leading  to  autorotation  (Fig.  IX. hi).  The 


L 


intensity  of  autorotation  depends  in  essence  on  the  value  of  negative 
value  by  derivative  ^ (autorotation  begins  at  the  nagative  value  of 


expression  jl+ex).  Autorotation  begins  froa  stalling  of  aircraft  to 
wing  and  can  lead  to  spin,  i.e.,  to  apiral  descent  with  intense 
rotation  and  to  the  shock  of  wing  about  the  earth/ground  in  low 
altitudes.  The  fact,  which  blocks  autorotation,  is  the  liquidating  or 
danping  soaent  of  wing  which  falls  froa  an  increase  ia  the  angle  of 
attack . 

The  aeans  of  decreasing  the  tendency  toward  autorotation  is  the 
prevention  of  flow  separations  at  wing  tips  because  of  the  selection 

of  root  airfoil/profiles  with  coefficients  cv and  a,p,  less  than 

in  end  airfoil/profiles,  and  also  because  of  the  decrease  of 
contraction,  aecha nization  of  end  wing  sections  and  washout. 

Closely  connected  to  the  character  of  the  lift  distribution  and 
pressures,  is  located  the  distribution  of  velocities.  The  field  of 
velocities  and  downwashes  around  wing  (Fig.  XI. 42)  has  great 
practical  value  for  the  selection  of  the  location  of  tail  assembly. 
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Pig.  XI. 40.  Effect  of  boundary  layer  control  on  ey^ 

Fig.  IX. 41.  Wing  polar  with  the  chosen  zope  of  autorotation 
{autogyrat  ion). . 


Key:  (1).  Zone  of  autorotation. 

Page  393. 

The  effectiveness  of  tail  assembly  will  be  greater,  the  lesser 
braking  velocity  1 . in  the  location  of  tail  assembly  is  less  local 
downwash. 

FCCTNOTE  * . Along  wing  wake  f r cm  both  siies  with  the  intensely 
developed  trace  at  angles  of  attack  beyond  stalling,  appear  the 


i 


1 


1 
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narrow  zones  of  the  increased  velocities,  in  which  vaLue  v/v0  attains 
values  by  1.3-1. 4.  ENDFOOTNOTE. 

The  sweptback  wings.  With  an  increase  in  the  flight  speed  (after 
H£*'0.6)  due  to  coi  pressibility  effect  resistance  of  usual  wings  so 
gr-ow/rises  that  their  application/use  bee  ones  irrational  both  fron 
the  point  of  view  of  the  power,  required  for  advance  and  an  adverse 
change  in  the  aoaent  characteristics. 
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Fig.  IX. 42.  Field  of  velocities  and  tapecs  after  wing. 

Page  394. 

As  shoved  experiments,  at  high  subsonic,  transonic  and  supersonic 
velocities  the  wing  planforn  plays  not  less  the  significant  role. 


than  the  fora  of  airfoil/profile.  At  these  velocities  had  extensive 
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application  wings  whose  planforn  gives  the  possibility  to  utilize  an 
effect  of  slip  and  three-dinensional/space  flow,  nanely:  the 
sweptback  wings  and  low-aspect-ratio  wings. 

If  rectangular  infinite-span  wing  is  turned  at  angle  X to  the 
direction  of  the  incident  flow,  then  velocity  v0  can  be  decomposed 
into  two  components  (Fig.  IX. 43):  v0  cos  x.  that  lies  at  plane  of 
cross-section,  and  v0  sin  X>  directed  alopg  wing.  For  lift  and  drag 
of  wing,  streanlined  thus,  has  a value  only  ccnposing  velocities, 
normal  to  the  leading  edge:  v0  cos  x Flow  in  span  direction  does 
not  have  (neglecting  of  friction)  effect  on  wing  pressure 
distribution  and,  therefore,  on  lift. 

In  view  of  the  fact  that  the  velocity  of  flow  around  yawing 
(swept-)  wing,  which  is  determining  the  picture  of  the  distribution  of 
pressures,  is  decreased  in  comparison  with  velocity  of  incident  flow, 
local  pressures  on  wing  also  will  fall,  and  value  Pmlm  which 
characterizes  the  beginning  of  shock  stall,  decreases,  which  will 
lead  to  the  increase  M.p,  whose  value  can  be  found  from  the  expression 
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Fig.  IX. 44.  The  empirical  dependence  of  critical  Nach  number  of  the 
sweep  angle  of  wing. 


Key:  11).  Velocity  of  flight  * speed  of  souqd. 


Page  395. 


In  actuality  due  to  the  finiteness  of  the  span  of  the  wing. 


presence  of  fuselage,  bend  of  center  line  (middle  effect),  that  leads 
to  the  decrease  of  the  effect  of  slip  in  center  section,  change  M,,, 


r 
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for  the  sweptback  wing  of  the  direct/straight  (positive)  or 
reverse/inverse  (negative)  sweepback  (see  Fig.  XI.  37)  it  occurs  not 
proportionally  cos  X*  but  it  is  aore  complicated: 

Experimental  dependences  M«p  = f (x)  are  given  in  Pi).  XI. 44  and 
cy  =f  ( x and  X)  in  Fig.  IX. 45. 

Since  the  lift  (pressure  coefficients)  of  the  sweptback  wing 
falls  proportional  to  the  square  of  the  cosine  of  sweep  angle  (n„  = t’#  cos  x). 

then  the  aerodynamic  coefficients  of  constant  angle  of  attack 
can  be  determined  from  the  following  approximations: 


Cy  = C>  CO»*X, 

'tip  'np  * 

CX  = Cx  COS*  X. 

Acrp  Anp  ** 

m,  —mz  cos*x. 

*Ctp  nn 


np 


£-(§)„ /OS- 


*CTp 

b — b 
«cip  — Knp 


cosy. 


Experimental  data  on  the  measurenents  of  aerodynanic 
coefficients  give,  depending  on  the  paraneters  of  wing,  somewhat 
different  from  computed  values  of  coefficients  (within  the  limits  of 
proportional  dependence  from  cos  x to  cos  *x).  The  experimental  results 
of  the  tests  of  some  sweptback  wings  are  given  in  Fig.  IX.  46. 

The  character  of  the  distribution  of  pressure  in  the  sweptback 


wings  differs  significantly  from  the  distribution  of  pressure  in 
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usual  ones.  Transverse  currents  in  boundary  layer  (froa  center  to 
ead/leads  in  wings  with  sweepback  and  from  end/leads  to  center  in 
wings  with  the  sweepf orward)  lead  to  earlier  flow  separation.  This 
occurs  for  wings  with  sweepback  not  only  due  to  transverse  currents, 
as  suction  boundary  layer  fron  center  section  and  increasing  local 
iaportance  but  as  a result  of  changing  the  effective  angle  of 

attack . 
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Fig.  IX. 45.  Effect  of  sweepfcack  and  value  of  elongation  on  wing  drag 
in  transonic  range  (according  to  the  results  of  the  tests  of  the 
symmetrical  airfoil/profiles  of  series  NASA  65A)  . 


In  wings  with  sweepback,  effective  angle  toward  the  end  increases, 
and  in  the  middle  part  it  decreases  as  a result  of  the  fact  that  the 
induced  velocity  increases  in  the  middle  of  wing  and  decreases  to  its 
end/leads.  On  leaving  to  high  angles  of  attack,  the 
disruption/separation  will  occur  more  earlily  on  tips  of  the  wing 
where  cY  airfoil/profile  more  earlily  it  reaches  its  maximum  value 


In  wings  wita  the  sweepforwar d,  the  mean  sections  have  large 
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lift,  transverse  currents  raise  the  stability  of  the  flow  around  end 
sections,  pressure  on  upper  surface  falls  to  the  center  of  wing  and 
disruption/separation  begins  in  mean  sections.  Moment  characteristics 
and  stability  in  wing  with  sweepback  are  less  favorable,  than  in 
wings  with  the  sweepforward,  due  to  reduction  in  the 
aileron-effectiveness  derivative  and  emergence  of  the  moments  of 
yawing  of  bank  and  destabilizing  torgue/aomer.ts. 

The  elimination  of  the  adverse  characteristics  of  the  sweptback 
wings  at  low  speeds  (high  angles  of  attack)  is  possible  because  of 
the  application/use  of  the  corresponding  airfoil/profiles, 
mechanization,  the  selection  of  planform,  the  contraction  and  other 
means,  which  improve  the  evenness  of  course  curved  cY  =f(a)  and 
prevent/warning  premature  disruption/separations.  In  practice  for 
transonic  and  supersonic  velocities,  will  find  more  wide  application 
the  wings  with  sweepback,  since  the  exhibited  in  wings  with  the 
sweepforward  directional  instability  and  harmful  interference  with 
fuselage  (at  high  velocities)  with  more  difficulty  was  removed  than 
end  disruption/separations,  but  in  wings  with  sweepback. 
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Fig.  IX. 46 . The  effect  of  sweepback  on  the  coefficients  of 

aerodynanic  forces  (H=1.53):  — — - experiment; Linear  theory 

(isolated/insulated  wing)  . 


Key:  (1)  . Negative  sweepback.  (2)  . Positive  sweepback. 


Pa>ge  397. 


The  sweep  angle  of  wing  for  this  Hach  number  must  be  selected  in 
such  a way  that  entire/all  leading  edge  lie/rests  within  disturbance 
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cone,  i.e.  , lust  be  maintained  rel  at  ionsh  i p/ratio  <p  > (90°  — x)  (Fig. 
IX. 48).  If  e < (90J  — x).  then  advantages  from  swaepback  will  be 
considerably  less.  Approxiaatel y it  is  passible  to  count  that  the 
swaepback  X 3450  gives  considerable  effect  to  nuabers  8=1.4, 

X *55°  to  H=  1.7. 

Low-aspect-ratio  sings.  Kith  an  increase  in  the  flight  mach 
nuaber  (after  8#1.5-1.7)  the  sweptback  wings  not  always  provide  the 
preservation/retention/aaintaining  of  satisfactory  lift-drag  ratios. 
Furthermore,  the  sweptback  wings  have  sone  structural/design 
def iciency /lacks,  difficultly  suraountable  with  their  fora.  Due  to 
center-of- pressure  travel,  back/ago  in  the  sweptback  wing  appears  the 
large  supplementary  twisting,  which  can  be  structurally  removed  by 
the  application/use  of  a wing  of  triangular  form  (Fig.  IX. 49). 
Therefore  for  supersonic  flight  speeds,  will  have  extensive 
application  the  low-aspect-ratio  wings  (\<2.5),  having  different 
planforn.  The  basic  difference  for  low-aspect-ratio  wings  from  the 
wings  of  usual  elongations  (X>3.5)  lies  in  the  fact  that  the  flow 
around  each  section  it  is  not  possible  to  consider  being  independent 
of  the  flow  around  the  adjacent  ones  (i.e.  is  inapplicable  the 
hypothesis  of  "flat/plane  sections") . 
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increase,  if  it  will  occupy  the  shaded  region). 

Key:  (1).  Center  of  pressure. 

Page  398. 

• Finite-span  wing  and  in  the  supersonic  flow  flows  itself 
differently,  than  in  subsonic.  Zones  A (Fig.  IX. 50),  that  lie  within 
disturbance  cones  exist  zone  of  tip  effect.  Zones  B are  characterized 
by  the  sane  conditions  of  flow,  kA  and  infinite-span  wing.  If  zones  A 
are  removed  (are  cut),  then  tip  effect  will  disappear  and  the  wing  of 
a similar  planform  will  flow  itself  then  just  as  infinite-span  wing. 
Hing  drag  of  final  spread/scope  in  the  supersonic  flow  is  composed  of 
profile  drag  (pressure  drag  and  friction)  apd  wave,  that  not 
depending  on  elongation  and  induced  drag.  l. 

FOOTNOTE  *.  In  expression  for  induced  drag  cXj  cy  the  value  of 
coefficient  6 are  equal  to  0.5-0. 6 - for  delta  wings  and  3.08-0.18  - 
for  the  tapered  wings.  ENDFCOTNOTE. 

The  overflowing  of  air  with  lower  to  the  upper  surface  and 
acting  only  within  Mach  cone  (zone  A,  see  Fig.  IX. 50)  leads  (during 
small  wing  aspect  ratios)  to  a considerable  decrease  of 
evacuation/rarefactions  on  airf cil/prof ile  and  an  increase  M,p. 


\ 


DOC  = 78201108 


PAGE  ^0  1 


1 


Induced  drag  at  supersonic  speeds  is  significantly  lover  than  the 
wave  (Pig.  IX. 51) 


Cx 

MMI 


I 


depends  on  the  so-called  given  elongation  \Y M*  — IT  flight  nach  number 
and  lift  coefficient.  If  we  cut  the  end/faces  of  ving  so  that  the 
angle  r>*  (Pig.  IX. 52)  vith  sin  *=c/v#  then  induced  drag  completely 
disappears . 


Piq.  IX. jO.  Plow  around  the  rectangular  wing  of  the  supersonic  flow. 

Fig.  IX. 51.  Dependence  of  induced  drag  of  the  rectangular  wing  on 
elongation . 

Key:  (1)  elongation. 

Page  399. 

Proa  the  exaaination  of  Fig.  IX. 53  and  IX. 54,  are  visible  the 
considerable  advantages  of  low-aspect- ratio  wings  at  supecsonic 
flight  speeds.  At  low  speeds  the  low-aspect-ratio  wings  have  the 
aerodynaaic  characteristics,  which  differ  froa  the  wing 
characteristics  of  usual  elongations  (Fig.  IX. 55).  Is  especially 
noticeable  nonlinear  character  c»  =f(<*).  in  spite  of  decrease  cy 
(or  displaceaent  cymil  at  angles  to  40°)  , which  requires  the 
application/use  of  considerable  high-lift  device  of  low-aspect-ratio 

e 

wings  for  providing  the  noraal  landing,  low  resistance  of  such  wings 
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at  supersonic  speeds  and  their  structural/design  advantages  they 
provide  with  then  increasing  application/use  at  supersonic  speed 
both  for  the  aircraft  and  for  rochets. 
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Fig.  IX. 52.  King  planfora  at  supersonic  speed:  a - rectangle;  are 
shaded  the  sections,  calling  induced  drag,  which  depends  sn  the  value 
of  rat’io/relation  tJiS  % (given  elongation)  ; b - trapezoid,  by  the 
beveling  of  the  cones  of  wing  at  angle  r>*  is  renoved  induced  drag, 
this  wing  eguivalently  to  infinite-span  wipg  (recoaaended  value  of 
r->#=  15°);  c - delta  wing  with  spread/scopn  /■«« theoretically 
to  eguivalently  rectangular  infinite-span  wing.  1 - coapression  wave; 
2 - aach  angle. 

Key:  11)  t he  direction  of  flight. 
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Fig,  IX.  53.  Dependence  e\  =f(8)  for  low-aspect-ratio  wings. 

Page  400. 

In  practice  will  find  use  of  various  kinds  the  wings,  combining 

in  theaselves  the  cell/elements  of  sweepback  with  a small  elongation. 

Figure  IX. 56  depicts  characteristics  at  the  zero  angla  of  attack  of 

the  models  of  the  fine/thin  delta  wings,  tested  into  four  wind 

tunnels  of  the  gas-dynamic  laboratory  of  Karman  (USA)  in  the  rangt  of 

numbers  8=8-22  and  of  Reynolds  numbers  from  5000  to  4*10*  at  the 

different  values  of  the  ratio  of  the  temperature  of  wall  (Tw)  to 

temperature  of  stagnation  (T0)  • As  can  be  seen  from  rmsults,  at 

hypersonic  speeds  it  is  possible  to  expect  a powerful  increase  in 

resistance  mainly  because  of  liguid  resistance,  propoctional  to 

ratio/relation  -^=. 

I Ro 
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Pig.  IX.  54.  Dependence  c>inix=f(A)  for  the  wings  of  different  planforn. 


Fig.  IX. 55.  Polara  of  the  plates  of  trapezoidal  planforn  of  different 
elongations,  obtained  at  the  low  speed: 

/ - X « 9 0 2 — ).  • 4.5;  3 — X • 2.25;  4 —•1.125;  5 — ^ • 0,683: 

6 — X — 0.282 

Page  401. 


Low-aspect-ratio  wings  ( X = 1— 2 ) have  a series  of  other 
advantages.  They  are  favorable  fron  the  point  of  view  of  strength  and 
weight  due  to  the  snail  bending  nonents  of  wing.  An  increase  in  the 
airfoil  chord  allows  on  the  sane  level  of  technology  of  production  to 
decrease  the  relative  surface  roughness,  which  favorably  affects 
their  aerodynanic  characteristics.  These  wings  (\*1-2>  have  a series 
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of  advantages,  also,  from  the  point  of  view  of  stability  and 
ooqtrollability,  which  is  connected  with  the  fact  that  mean 
aerodynamic  center  of  wing  (i.e.  the  point  relative  to  which  the 
moment  of  aerodynamic  forces  it  remains  constant  during  a change  in 
the  angle  of  attach)  relatively  little  it  is  displaced  during 
transition  from  subsonic  ones  to  supersonic  speeds  (Fig.  XI. 57) and, 
consequently,  also  little  change  longitudinal-behavior 
charac teri st ics . 

Mutual  effect.  The  aerodynamic  characteristics  of  different 
flight  vehicles  or  bodies  of  intricate  shape,  comprised  of  simple 
cell/elements,  in  the  first  approximation,  (when  conducting 
precomputations)  are  examined  under  the  assumption  of  the  independent 
flow.  Thus,  for  instance,  polar  of  aircraft  is  constructed  on  the 
basis  of  the  wing  polar,  characteristics  of  fuselage,  tail  assembly 
and  the  like  considering  that  is  absent  the  effect  of  these 
c*ll/eleme nts  on  each  other  or  the  interference. 
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Key:  (1)  (calculated). 


“ * °fJ  ff  marcm  1-2*1  / , 


..  1.  \ i / , z— 1 \ t ? / I w 

*■«»  yl-/ 

J^7.7  «?-'•*  %t=l,23 

'iq.  IX.  57.  The  effect  of  wing  aspect  ratio  on  the  displacement  of 
locus  at  subsonic  and  supersonic  speeds:  1 - aerodynamic  focus  at 
subsonic  speed;  2 - the  same,  at  supersonic  speed. 
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In  actuality  fuselage  distorts  the  flow,  which  flows  around  wing, 
wing,  in  turn,  changes  the  flow  around  fuselage.  The  character  of 
this  mutual  effect,  called  interference,  depends  substantially  on 
mutual  location  and  form  of  wing  and  fuselage. 
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If  in  the  site  of  the  joint  of  wing  and  fuselage  appears  the 
expanded  flow  (Fig.  IX. 58),  then  as  a result  of  the  diffuser  effect 
of  flow  separations  on  wing  occurs  at  smaller  angles  of  attack.  The 
elimination  of  diffuser  effect  with  the  aid  of  "fillets"  (Fig.  IX. 58) 
leads  to  the  more  favorable  flow:  breakaway  begins  at  high  angles  of 
attack,  are  improved  polar  and  stability  characteristics  of  aircraft 
(Fig.  XI. 59).  The  effect  of  mutual  wing  arrangement  and  fuselage  is 
shewn  on  Fig.  IX. 60.  Downwash  from  wing  exerts  a substantial 
influence  on  the  flow  around  tail  assembly,  effectiveness  of  which 
depends  on  their  mutual  location. 

The  interference  in  certain  cases  can  render/show  not  by 
"harmful",  but  "useful",  i.e.,  such,  in  the  presence  of  which 
resistance  of  the  combination  of  cell/elements  will  be  lower  than  the 
sum  of  resistances  of  components  during  their  isolated /insulated 
flew.  However,  in  the  majority  of  the  cases,  interference  leads  to 
deterioration  in  the  aerodynamic  characteristics.  Especially  high 

V | 

value  it  has  at  high  speeds  of  motion,  when  an  insignificant  local 
increase  in  the  velocity  leads  to  decrease  and  premature 

education/formation  of  supersonic  zones,  shock  waves  and  increase  of 
wave  impedance,  on  these  reasons  for  the  section  of  fuselage  in  the 
region  of  the  connection  to  it.  of  wing,  somewhat  adjust  (according  to 
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Fi.g.  IX. 58.  The  coupling  of  wing  with  the  fuselage:  a - diffuser 
effect  in  coupling;  b - fillet  decreases  the  diffuser  effect. 


Fig.  IX. 59.  The  effect  of  fillets  on  the  aerodynanic  characteristics 
of  the  aircraft:  — * - with  fillet; without  fillet. 

Page  4 03. 

High  value  has  interference,  also,  for  the  characteristics  bluff 
bodies.  Thus,  for  instance,  drag  coefficient  of  the  antenna, 
comprised  of  round  ducts,  proves  te  be  substantially  greater  than  the 
drag  coefficient  of  cylinders  of  the  same  He  numbers. 


The  theoretical  determination  of  the  interference  of  different 


parts  of  the  apparatus  is  very  hinder/hampered.  From  thase  reasons 
thre  experimental  determination  of  the  aerodynaaic  characteristics  of 
the  bodies  of  intricate  shape  is  necessary  even  when  are  known  the 
characteristics  of  their  component  elements.  Especially  high  value 
they  have  this  testing  for  the  determination  of  moment 
characteristics  and  stability  characteristics  and  controllability  of 
the  various  kinds  of  flight  vehicles,  and  also  during  the 
determination  of  the  power  effect  of  flow  on  the  bodies  of  complex 
coafigurat  ion. 
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Pig.  IX  .60.  The  effect  of  mutual  wing  arrangement  and  fuselage  on  the 
aerodynamic  characteristics  of  the  aircraft:  1 - isolated/insulated 
wing;  2 - upper  wing  arrangement;  3 - average  wing  arrangement;  4 - 
lower  wing  arrangement. 


Fig.  IX. 61.  Effect  of  the  lccal  compression  of  fuselage 
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Flow  in  channels. 


Page  404. 


Chapter  X. 


Flew  in  channels. 


§ X. 1 * Flow  in  ducts. 

Flow  in  ducts  is  cne  of  the  most  investigated  regions  of 
turbulent  flow.  These  obtained  during  investigations  results  have 
important  value  not  only  for  numerous  areas  of  technology,  but  also 
for  the  understanding  cf  the  phenomena,  which  occur  about  plate  or 
about  bodies  with  the  surface,  outlined  by  flow  lines.  In  the 
technology  of  the  characteristic  of  flow  in  ducts,  they  ace  utilized 
first  of  all  for  determining  resistance  luring  the  notion  of  liquid, 
its  expenditure/con sum ption  through  the  duct  and  required  the 
pressure  differential  for  the  realization  of  flow. 


L v. — 
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with  the  inflow  of  liquid  from  large  reservoir  into  duct  with 
round  cross-section  for  the  extent /elongation  of  certain  section,  is 
formed  the  initial  (input)  flow,  in  which  the  distribution  of  the 
speed  across  section  in  proportion  to  remo val/distance  from  entrance 
changes.  At  first  the  velocity  profile  uniform,  then  under  the  effect 
of  frictional  forces  is  extracted  and  at  certain  distance  from 
entrance  takes  the  final  form.  The  length  of  initial  section  depends 
on  the  pattern  of  flow  and  Reynolds  number.  During  laminar  flow  i,  ■■ 
=Q.03  dBe  (more  precise,  0.02875  dRe,  according  to  Shiller)  , with 
turbulent  A,  is  three  or  four  times  shorter. 

[ 

For  obtaining  assigned  rate  of  flow  through  the  duct,  it  is 
necessary  to  create  pressure  difference  in  the  beginning  and  end/lead 
of  the  duct.  The  value  of  pressure  difference  depends  on  the 
ductility/toughness/viscosity  of  gas,  heat  exchange  through  the  walls 
of  duct  and  surface  condition  of  walls.  This  value  characterizes 
resisting  forces.  Conseguently,  in  the  general  case  the  required 
dimensionless  pressure  differential,  referred  to  velocity  head: 


*’  Re-  M*  Pry  AT“SX(Re>  M>  *-  Pr>- 


K«y:  ci)  . or. 
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where  * (Re,  M,  x,  Pr)  — drag  coefficient. 
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For  infinitesimal  cut  of  duct  it  is  possible  to  :ount  that 

the  dependence  of  pressure  differentials  on  the  parameters  indicated 
mill  be  linear.  If  the  phenomena  of  heat  exchange  can  be  disregarded, 
then  flow  will  not  depend  on  number  Pr,  but  with  small  pressure 
differentials  also  on  Mach  numbers  and  x,  since  a change  in  the 
temperature  along  the  duct  does  not  affect  flow.  In  this  case,  the 
speed  and  density  will  be  constants,  but  coefficient  k will  depend 
only  on  Re  number. 


In  practice,  especially  for  a gravity,  solution,  the  pressure 
differential  they  replace  by  pressure  head  AH.  The  expression  of 
losses  of  head  along  the  length  of  conduit/manifold 


' **  c 

where  D,  - hydraulic  diameter  (Dr  — D for  a round  duct,  Dr  — — for 

rectangular  cross  section,  here  U0  - perimeter) ; 


F0  - cross-sectional  area; 


S - rubbing  surface; 
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\ - length  of  the  section  of  the  cond uit/nanif oli , for  which  is 
determined  resistance. 


During  steady  viscous  notion  in  cylindrical  pipe,  the  speed  in 
its  cross  section  changes  according  to  parabolic  law  (poiseuille 
equation).  The  pressure  differential,  expressed  through  average  speed 
v: 

A,-8m£ 


or,  bearing  in  nind  that 

Re-fflP, 


we  will  obtain  the  fornula  of  the  ^arcys 


Ap- 


64  l pc* 
Re  ' & T 


. / o» 

kDp  J 


K 


l c* 

& 2g' 


where  X=64/Re  - coefficient  of  friction  drag  or  the  "coefficient  of 
fricticn"  during  laninar  flow  of  liquid  in  smooth  1 round  cylindrical 
pipe. 

FOOTNOTE  *.  Ducts  are  considered  seooth,  if  ^ - i7.85Re'*  *. 


ENDFOOTNOTE 


r 
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This  theoretical  dependence  is  confirmed  well  to  numbers  Re=2000 
(lg  Re=3.3)by  numerous  experiments  (Fig.  X . 1)  and  doe3  not  depend  on 
the  roughness  of  the  walls  of  duct. 


Page  406. 


Hith  the  large  Re  numbers,  usually  occurs  the  turbulent  flow  and  here 
for  determining  the  coefficient  of  friction  depending  on  Re  number, 
widely  are  applied  semi-empirical  dependences.  For  the  range  of  Re 
numbers  from  2000  to  1 • 1 0 * it  is  possible  to  use  Blasius's  formula 


tiith  numbers  Re=10  »-4*  10s,  is  suitable  the  formula  of  Stanton  and 


Pannel 


X - 0, 00357  + 

(R*r" 


or  the  formula  of  Lang 


X-0,0l  + l,77Re-»». 


For  calculations  over  a wide  range  of  Re  numbers  (from  1»10*  to 
1«10*)  is  convenient  the  formula  of  Nikuradze  and  Lis 

1-0,0032+-^™- 

(Re) 


or  the  equation 


r 
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called  tha  universal  lav  of  resistance  of  Prandtl  for  smooth  pipes. 
This  formula  is  checked  experimentally  to  numbers  Re=3.4*10*  and  it 
it  is  possible  to  use  vithin  limits  10*<R<ip«.  Exemplary /a pproximate 
values  X=f  (Re)  : 


Re  4000  12000  60000  180000  840000  10800000 

X 0,04  0,03  0,02  0,016  0,012  0,008 


However,  all  the  given  formulas  are  suitable  for  smooth  pipes. 
The  roughness  of  the  walls  of  ducts  during  turbulent  flow  increases 
resistance  which  depends  with  this  not  only  on  Re  number,  but  also  on 
the  roughness: 


e 


Key;:  (1).  or. 


By  numerous  experiments  it  is  establish/installed,  that  in  rough 
ducts  * with  the  increase  of  Re  number  the  coefficient  of  friction 
approaches  the  constant  value,  which  depends  only  on  the  degree  of 
roughness  £,  i.e.,  resistance  becomes  proportional  to  the  square  of 
speed. 
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FOOTNOTE  ».  Roughness  is  created  by  deposition  on  the  surface  of  the 
duct  of  grains  of  sand  of  the  specific  size/diaensions.  ENDFOOTNOTE. 


The  quadratic  law  of  resistance  in  ducts  with  greater  roughness 
begins  to  be  exhibited  with  the  snaller  Re  numbers. 


Fig.  X.l.  Dependence  G=f(Re)  for  a round  duct. 

Page  407. 

Deter eination  A=f (Re  and£)  can  be  produced  on  Nikuradze  formula 

fT”  1,74+218  7 

(for  Re>4. 5x1Q*),  and  also  on  experimental  dependences  (Fig.  X.2).  In 
real  ducts  the  roughness  depends  on  the  quality  of  finish  of  surface 
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and  settling  of  the  particles,  transferred  by  liquid.  However,  as 
will  show  experiments  of  I.  Ye.  Idel'chik  with  the  dusts,  having 
natural  roughness,  Nikuradze  formula  was  valid  also  for  real  ducts 


if  we  determine  according  to  medium  altitude  of  the 


prcminence/protuberances  of  roughness 


igtmx) 


Pckum  £ / « /.  (Re. 


Pig-  X.2.  Dependence  of  the  coefficient  of  friction  X on  Be  number 


for  ducts  with  uniform  roughness  (conditions/mode  I - laminar 


conditions/mode  II  - transient;  conditions/node  III  - quadratic  law 
of  resistance). 


K •*:  O).  Conditio  ns/mode 
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During  transition  to  the  ducts  of  noncircular  cross  section,  the 
drag  coefficient,  other  conditions  being  equal,  will  change  which  can 
be  taken  into  account  on  the  basis  of  experinental  data  or  on  the 
following  foraulas  (for  laainar  flow)  : 


1)  for  the  ellipse  where  Be  is  referred  to  the  ainor  axis: 

, 64  o*-f  t* 

■£*-*»• 

here  a - seaiaajor  axis;  b - seniainor  axis; 
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Re  numbers  are  given  relative  to  a hydraulic  radius  of  duct. 

For  turbulent  flow  in  noncircular  ducts  with  rough  vails,  they 
use  different  empirical  dependence.  Thus,  for  instance,  for  the  duct 
of  the  rectangular  cross  section 

Inp  =“  *pl»pyn* 

Values  of  coefficient  * depending  on  Re  number  for  a rectangle 
with  the  ratio/relations  of  sides  within  limits  to  0. 7-1.0: 

Re  2 • 10*  4.10*  810*  10*  1,5.10* 

V 0,86  0,94  0,96  09#  1,0 

Investigations  during  flow  in  ducts  with  high  subsonic  and 
supersonic  speeds  showed  that  for  smooth  pipes  (in  the  absence  of 
heat  exchange  with  environment)  the  drag  coefficient  does  not 
virtually  depend  on  Mach  nurber  (Fig.  X.3)  . As  a result  of  speed 
change  along  the  length  of  duct,  changes  the  temperature  and, 
consequently,  also  the  coefficient  of  duotility/toughaess/viscosity 
and  Re  number.  The  coefficient  of  ductility/toughness/viscosit y 
weakly  depends  on  temperature  (for  air,  for  example, 

J 

p- 10*-  1,712-1  T+  0,003665  t°Cx (1+0,0008 /°C)*h£h£- ^ 4 . 


Key:  (1).  or 
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The  drag  coefficient  of  the  high  values  of  Be  number  changes 
insignificantly . Thus,  during  the  calculation  qt  the  course  of  gas  in 
ducts  it  is  possible  to  use  the  results  of  the  available  numerous 
investigations  of  the  motion  of  water  in  ducts. 

Page  409. 

During  the  study  of  flow  in  ducts,  exit  cone/dr  ff  user  s and 
nozzles  whose  walls  form  small  angles  with  the  axle/axis  of  flow, 
utilize  a concept  of  the  average  speed  (and  of  average  density)  . 
Average  speed  w is  determined  by  the  ratio  of  volumetric  flow  rate  to 
sectional  area 

lj  u dF 

* ” ~r~  • 


where  u - true  airspeed  whose  distribution  over  section  makes  it 
possible  to  find  w. 

During  laminar  flow  in  cylindrical  pipe,  the  average  speed  is 
equal  to  the  half  the  raximum  speed  in  this  section.  During  turbulent 
flow  the  velocity  distribution  law  changes  and  the  ratio/relation  to 
the  average  speed  to  maximum  depends  on  Re  number.  According  to 
Nikuradze  data,  for  the  incompressible  fluid  with  the  large  Be 
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whaie  R - radius  of  duct;  r - current  radius;  - speed  on  the 

axle/axis  of  duct; 


Exponent  m = f(Re).  With  R=10*  m=1/7;  with  Re=3»10fc  ii  = 1/1Q» 


The  ependen^e  of  the  rat io/r elation  to  the  average  speed  to 
maximum  can  be  obtained  from  the  expression 


(m  + •)  (m  + 2) ' 


which  it  is  correct  at  high  speeds  (Fig.  X-4). 

The  nonuniformity  of  density  has  the  great  value  in  the  absence 
of  heat  exchange  and  can  be  for  gases  estimated  on  formula 


i — 


X — I ui 


x+1  a| 


1 — 


x — 1 (m  + I )*  (m  + 2)*  X 


x—  I w* 
Tx+lol 


X-M 

" 7 


x+l 


Pm«x  - it  corresponds  tc  maximum  speed; 


ft  - average  density  over  section; 


X - given  speed. 


Let  us  note  that  the  n cnuniformity  of  density  is  considerably 
less  than  the  nonu niforsity  of  speed  over  section. 
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Fig.  X.3.  Law  of  resistance  for  smooth  tube  during  flow  of 
compressible  liquid. 

Page  4 10. 

Thus,  for  instance,  for  air  with  He=3°10  and  > =-*0.  87  (w=1/10)  for 

nuaber  (1=1  value  pi  pm.,  — 0.93,  for  lower  speed  this  difference  is  still 
less.  On  these  reasons  during  the  course  of  the  inperfect  gas  when 
occurs  intense  heat  exchange  and  in  section  is  establish/installed 
constant  temperature,  density  over  section  (keeping  in  nind  pressure 
constancy)  will  also  be  constant. 

The  equalization  (strain)  of  the  velocity  profile  produces 
change  the  drag  coefficient  which  can  be  deterained  depending  on  the 
type  of  duct  and  character  of  the  distribution  of  the  speed  in  cross 
section.  Thus,  for  instance,  for  round  and  flat/plane  ducts  drag 


A 
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coefficient  depending  on  exponent  ■: 

T 

« I 0.74  03  035  0,147 

(i)KpyrMii  rpyts  ....  0,7  036  0,16  OjM  032 
(*)njocK»*  rpy6<  ....  033  0,10  0,10  034  032 

Key:  (1).  Round  duct.  (2).  Flat/plane  duct. 


§ X.  2.  Flow  in  exit  cone/ditf users  and  nozzles. 

Exit  cone/diffusers.  As  was  said  earlier  (see  Chapter  VII),  exit 
cone/diffuser  serves  for  converting  Kinetic  energy  of  flow  into 
energy  of  pressure  and  is  one  of  the  aost  widely  used  and  important 
cell/elements  in  many  aeronechanical  equip ment/devices  and  gas 
machines  (wind  tunnels,  jet  engines,  turbines,  ejectors  and  so 
forth).  The  degree  of  the  perfection  of  exit  cone/diffuser  in  a 
decisive  manner  affects  both  the  efficiency  and  the  quality  of  gas 
machines,  since  usually  in  exit  cone/diffuser  in  comparison  with 
other  cell/e lement s occur  the  greatest  irreversible  energy  losses.  In 
diffusers,  in  contrast  to  nozzles  and  nozzles,  are  created  the 
conditions,  favorable  for  boundary-layer  separation  (see  § V.I)  and 
of  emergence  of  the  disruption/separations,  which  are  accompanied  by 


considerable  losses 
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Fig.  X.4.  Dependence  on  Re  number  of  the  ratio/relation  to  the 
average  speed  to  maximum. 

Pa  ge  411. 

As  show  numerous  experimental  investigations,  the  drag 
coefficient  of  subsonic  exit  cone/diffuser  does  not  virtually  depend 
on  Mach  number  at  the  entrance  into  it  (see  Fig.  Vll.11),  but  it 
depends  on  the  expansion  ratio  of  flow  (length  of  exit 
cotie/d  if  fuser)  , of  expansion  angle,  uniformity  of  the  field  of  inlet 
velocities.  Re  number  of  surface  condition  and  finally  on  the  form  of 
cross  section.  In  aeromechanical  practice  are  encountared  the  exit 
oone/dif fusers  of  diverse  types,  "working"  under  varied  conditions  of 
the  course  through  then  of  liquid  or  gases.  Independent  of  the 
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designation/purpose  of  exit  cone/dif fusee  it  is  always  desirable  to 
have  not  only  minimum  drag  coefficient,  but  also  as  far  as  possible 
the  uniform  field  of  outlet  velocities. 

The  evaluation  of  diffuser  losses  it  is  accepted  to  produce 
depending  on  the  speed  in  them.  For  exit  cone/diffusers  with  subsonic 
inlet  velocities  the  drag  coefficient  of  the  exit  cona/d  if  f use  r I 
could  be  found  from  the  expression 

(a*~  T6*1* 

where  - number  at  the  entrance  into  exit  cone/dif fusar; 


6 - loss  factor,  equal  to  6 = p*  p p'' , or^  is  more  precise. 


p0  and  p'0  - total  pressure  at  the  entrance  also  at  the  end  of  the 
exit  cone/diffuser  (Fig.  X.5). 


Thus,  after  measuring  total  pressures  p0  and  P*  o»  it  is 
possible,  knowing  Ht,  to  determine  £ and  6.  However,  measurements  p0 
must  be  conducted  taking  into  account  the  nonuniformity  of  inlet 
velocity  into  exit  cone/diffuser  and  compulsorily  out  of  boundary 
layer  the  pressure  recovery  factor 


i 


f 
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v,=  l 

Pt 

serves  for  evaluating  the  qualities  of  exit  cope/d  if fuser  *t  high  and 
supersonic  speeds. 


In  view  of  the  diversity  of  types  and  forms  of  exit 
oone/dif fusers,  especially  used  at  low  speeds,  in  the  practice  of  the 
detereinat ion  of  drag  coefficient  ^ they  use  various  kinds  empirical 
dependence  of  the  type 

C = iptcm  irp’ 

Values  Wptou  and  ^ are  detereined  depending  on  the  degree  of 
expansion,  expansion  angle,  fora  of  cross  section,  fie  nuaber,  of 
degree  of  roughness  and  of  degree  of  unifornity  of  flow  at 
entrance. 


Pig.  X.5.  Diagraa  of  exit  cone/diffuser. 


Pa  ge  4 12. 


For  conical,  tapered  and  pyraaidal  exit  cone/diffusers  (Pig. 
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X.  6) 


where 


C-9W- kd  + jef, 


Vpic.-y  tg  y j/  tg“ 


(for  conical  diffuser  of  0<a^40°)  or 

<PP.c-6,2tgf 

(0<«<25°  for  rectangular  and  sguare  exit  cope/diffusers) 


Changes  It  within  limits  with  1.2-1. 8; 


w(=*;  4). 


■oreover  X is  defined  just  as  for  ducts. 

For  the  plane  diffusers  (Fig.  x.7)  value  q>Pic»  usually  varies 
within  the  Units  with  0. 1-0.2: 

Ci  “ ?»«•  ^ + + 


The  values  of  coefficients  f^c.,  k,  d.  A,  f ere  determined  to 
analogously  preced ing/previous,  and  the  value  of  the  soafficient 
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For  curvilinear  cone  of  round  and  rectangular  cross  sections 
(Fig.  X.9)  is  used  the  preceding/previous  formula,  if 

0<£<0,9, 

but  here 


In  the  presence  of  output  resistance  from  exit  cone/diffuser 
(Fig.  X. 10) 

(,) 

(npw  a -0—60°), 

Key:  ( 1)  . with. 

where  C,  - drag  coefficient  of  exit  cone/diffuser  without 
eguipeent/de vices  at  output; 

W “ drag  coefficient  of  equipment/devices  at  output  from  exit 
coae/dif fuser. 

At  a> 6Q°  value  *1.2-1. 3 (;  + £). 

The  most  important  design  parameters  of  exit  cone/diffuser. 


which  are  determining  its  quality,  are  aperture  angle  and  expansion 
ratio  of  flow  in  exit  cone/diffuser  (Ft/Fa) . Optimum  ingle  lie/rests 
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within  li» its  of  4-8°,  and  expansion  ratio  can  be  estimated  by  the 
permissible  kinetic  energy  losses.  The  percent  ratio  to  kinetic 
energy  at  the  end  of  the  exit  cone/diffuser  to  initial. 

(8'2  100 

For  rough  calculations  it  is  possible  to  accept  pt = p2.  Then  with 
n=4  loss  are  1/16  initial  kinetic  energies,  and  with  n=10  they  will 
be  lowered  to  lo/o.  Further  increase  in  the  length  of  exit 
oone/dif fuser  for  increase  n will  lead  to  the  considerable  increase 
of  losses  to  friction.  The  estimation  of  the  power,  required  for  the 
coating  of  diffuser  losses  depending  on  its  drag  coefficient 

A' = <?•/  ' I + 

where  Q - mass  flow  rate  of  the  gas  through  the  exit  cone/diffuser; 

w,  - inlet  velocity  into  exit  cone/diffuser. 


Fig.  1.9.  Curvilinear  circular  diffuser 
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1] 

* 3 3 6 

Fig.  X. 10.  Exit  cone/diffuser  with  output  resistance. 

Page  414. 

If  we  gear  down  of  supersonic  jet,  draw  down  of  channel,  then  in 
this  case  is  formed  virtually  nornal  shock  wave  after  which  the  speed 
will  be  subsonic.  Further  decrease  in  the  velocity  anl  pressure 
recovery  can  be  produced  in  subsonic  exit  cone/diffuser.  However, 
this  method  of  stagnation  of  supersonic  flow  leads  to  the  low 
pressure  recovery  factor  (for  example,  see  Fig.  VII.  41).  More 
advisable  is  equip ment/de vice  of  the  exit  cone/diffuser,  in  which  the 
stagnation  of  supersonic  flow  occurs  in  the  system  of  oblique  shock 
waves. 

In  connection  with  development  of  jet/ceactive  tachnology  and 
increase  in  the  velocity  of  relative  motion  of  bodies  and  gases, 
appears  the  need  for  decrease  cf  the  speed  of  flow  from  supersonic  to 
saall  subsonic.  This  first  of  all  is  related  to  supersonic  and 
hypersonic  wind  tunnels  and  installations,  jet  engines,  gas  turbines 
and  compressors,  etc. 

I 1 

The  method  of  braking  flow  in  the  supersonic  diffuser  has  basic 
effect  on  the  pressure  recovery  in  it,  i.  e.,  on  the  powar,  required 


for  th;e  realization  of  flow  in  the  duct/contour,  which  includes  exit 
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cone/diffuser.  Thus,  foe  instance,  required  power  for  operational 
provisions  of  suparsonic  wind  tunnel  with  nuaber  h=2.5  in  test 
section  by  the  siz  e/di  sension  of  1 a2  composes  with  noraal  shock  in 
the  exit  cone/diffuser  ( after  juap  it  is  equal  to  0.93)  of  8500 
kW,  with  oblique  and  straight  line  - only  4500  kH.  Pressure  recovery 
factor  in  exit  cone/diffuser  when  noraal  shock  wave  is  present,  and 
given  speed  X,  at  the  entrance 


At  values  X, <1.3-1. 4 < 1. 37-1. 51)  the  nornal-shock  diffusers 

give  comparatively  snail  losses  — v =0.75,  but  at  high  values  Xlf 
they  becone  unfavorable.  With  cblique  shock  in  exit  cone/diffuser, 
the  pressure  recovery  factor  will  be  above: 

*(«d  ’ 

where  - the  given  speed  in  the  direction,  noraal  to  jump  (when 

k*  - 1,6,  vt  - 0,83). 


Page  4 15, 


If  in  exit  cone/diffuser  is  realized  the  oblique  shock,  after 
which  the  speed  reaains  supersonic  and  its  transition  to  subsonic 
occurs  in  noraal  shock  (Pig.  X.11),  then  is  the  recovery  factor  of 
the  exit  cone/diffuser 


l 
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Value  v depends  on  the  angle  of  the  slope  of  oblique  shock  and, 
as  show  calculations,  it  reaches  v =0. 92  in  optimum  case  1 S°)  . 

During  the  deviation  of  slope  angle  fros  optinum  within  limits  of  *5° 
value  v remain  high,  approximately  0.9. 

Exit  cone/dif  fusers  with  several  oblique  shock  waves  provide  the 
high  values  of  the  pressure  recovery  factor,  also,  of  hypersonic 
speeds.  Depending  on  Hach  and  Re  numbers  at  entrance  the  exit 
co«ie/d  if  fusers  have  different  angles  of  taper,  adjustable  neck  or 
angle  of  wedge  shape  (for  providing  the  starting/launching  of  duct 
with  a smaller  pressure  differential) . In  a series  of  cases  for 
decreasing  the  losses,  is  applied  the  boundary-layer  bleed  (or  the 
bypass  of  gas  from  test  section  into  exit  cone/diffuser)  . The  typical 
experimental  characteristics  of  the  supersonic  diffusars  are 
represented  in  Pig.  x.  12. 
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During  the  transference  of  the  results  of  experiments  with  the 
models  of  the  supersonic  diffusers  for  nature,  one  should  especially 
thoroughly  consider  the  conditions  of  similarity  (He  numbers,  N,  £, 
etc.),  surface  condition,  condition  for  the  convergence  of  the  state 
of  flow  and  of  inlet  boundary  layer  into  exit  cone/diffuser,  etc. 
During  use  in  the  calculations  of  the  values  of  the  pcessure  recovery 
factors,  obtained  on  experiments  with  models,  it  is  desirable  to  take 
known  supply  on  pressures  for  providing  the  proper  flow  through  the 
exit  cone/diffuser. 

Nozzles.  The  nozzles  and  different  form  nozzles  serve  for  the 
acceleration/dispersal  of  flow.  The  characteristics  of  these 
equipment/devices  depend  on  their  form,  which  in  turn,  is  determined 
by  the  designation/purpose  of  nozzle  (collector/receptacle)  . 
Especially  thoroughly  are  selected  wind-tunnels  nozzle. 

Nozzles,  or  collector/receptacles,  are  applied  ia  various  kinds 


machines  and  equip ment/devices 


Fig.  X.11.  Fig.  X.  12. 


Pig.  X.11.  The  supersonic  diffuser  with  the  wedge:  1 - oblique  shock 
2 - normal  shock. 

Fig.  X. 12.  Experimental  characteristics  of  the  supersonic  diffusers: 
1 - exit  cone/diffuser  with  wedge;  2 - open  test  section;  3 - 
enclosed  test  section;  4 - second- throat  diffuser;  5 - open  nose 
diffuser. 

Page  416. 

Nozzle  configuration  is  important  for  the  creation  of  the  uniform 
field  of  inlet  velocities  in  various  kinds  of  conduit/manifolds. 
Figure  X.13  shows  the  picture  of  flow  upon  the  entrance  into 


E 
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direct/straight  duct  without  collector/receptacle.  Tha  drag 
coefficient  in  this  case  attains  significant  magnitudes.  The  value  of 
drag  coefficient  for  this  entrance  equal  to  1.0  depends  on  the  ratio 
of  the  wall  thicknesses  of  duct  to  its  diameter  (Fig.  X.  14). 


ot  rounding  or  equipment/device  of  conical  inlet  (Fig-  X.  IS)  the 
drag  coefficient  substantially  decreases.  If  at  the  entrance  into 
direct/straight  duct  are  establish/installed  washers,  lattices  or 
grid  from  metallic  wires,  then  input  losses  depend  on  the  clear  area 
of  entrance  and  they  reach  many  tens  of  velocity  heads  (Fig.  X.16)  . 
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<*y/ 

duct. 

Fig.  X . 1 4.  Drag  coefficient  for  an  entrance  into  the  iirert/straight 
duct:  b - distance  of  the  end/lead  of  the  duct  fro*  wail;  6 - the 
wall  thickness  of  duct;  D0  * tube  bore. 

Key:  (1).  Hall. 

Pa«ge  417. 

For  steady  curvilinear  nozzles  resistance  J = Stp  can  be  defined  just 
as  ;r(.  for  flat/plane  curvilinear  cone  or  conical  diffuser.  In  the 
case  of  rectilinear  converging  nozzle  section  (Fig.  X.  17)  drag 
coefficient 


where 

r i r 

Ci  = / S). 

;Tp  is  defined  just  as  for  an  exit  cone/diffuser. 

The  determination  of  the  drag  coefficients  of  different  types  of 
nozzles,  converging  nozzle  sections  and  of  collector/receptacles  has 
high  value  for  thase  cases  when  it  is  necessary  to  determine  the 
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required  head  of  fan  for  providing  the  flow  of  the  gas  through  the 
systea  and  when  the  specific  gravity/weight  of  input  Losses  and 
losses  in  transient  sections  is  significant. 


4 
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( t)  r,em*a  (f,- mulct  ctutmit) 


Pig.  X . 16.  Grid  at  the  entrance  into  dirac t/straight  duct. 


Key:  11).  Grid  (P0  - clear  opening).  (2).  Section. 


Page  418. 

For  large  jump/drops  in  the  pressures,  which  occur  in  wind  tunnels 
the  losses  in  nozzles  comprise  very  low  portion.  So,  for  the 
rationally  carried  out  subsonic  nozzles  aagnitude  of  losses  6=1-  v 
does  not  exceed  0.005,  but  for  supersonic  ones  - 0.02.  To 
wind-tunnels  nozzle  on  these  reasons  is  presented  one  requirement: 
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obtaining  the  uniform  field  of  outlet  velocities. 


For  lorn  speeds  the  nozzle  configuration  can  be  carried  out,  for 
example,  according  to  the  V itoshinskiy  equation  (see  §VII.  1)  . Por 
obtaining  supersoaic  speeds,  are  applied  the  Laval  nozzles.  Por  given 
speed  (K) , on  the  basis  of  value,  to  which  it  is  necessary  to  select 
the  area  of  output  P,  on  the  basis  of  the  eguation  of  the  constancy 
of  the  expenditure /consumption 


Fx 


where  fx  - nozzle  throat  area,  which  it  can  be  found  for 
expenditure/consumption  of  C: 


f t 2 ~ * i / St 

Q~Fx\ Srn)  V 7+1  Pa- 


using the  equation  of  adiabatic  flow,  it  is  possible  to 
calculate  the  pressure 


It  *— i 


where  p0  - the  total  pressure  at  the  nozzle  entry. 


Decompression  at  the  nozzle  outlet  lower  than  tha  calculated 
does  not  affect  fLow  in  nozzle.  At  design  pressure  tha  gas 
escape/ensues  by  parallel  jet.  During  an  increase  in  the  pressure  at 
output  in  nozzle  edge,  are  formed  the  oblique  shock  wives,  which 
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convert  into  the  complex  system  of  oblique  and  normal  shocks  with  an 
increase  in  the  pressure  at  output  (Fig.  x . 18)  . with  a considerable 
increase  in  the  pressure  at  the  output  of  gallop,  they  are  formed 
already  within  nozzle,  ever  more  approaching  straight  line,  that 
causes  the  decrease  of  exit  velocity  (up  to  subsonic)  and  the 
deviation  of  flow  from  the  direction  of  the  axle/axis  of  nozzle, 
accompanied  usually  by  boundary-layer  separation,  especially  for 
nozzles  with  large  angle  of  taper.  In  nozzles  with  small  angle  of 
taper,  the  jump  even  with  small  pressure  differentials  completes 
considerable  oscil lation/vibrations. 


Fig.  X. 17.  Rectilinear  converging  nozzle  section. 


Fig.  X.18.  System  of  jumps  at  the  nozzle  outlet  and  within  it. 


Page  4 19 
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Flow  in  nozzles  at  high  speeds  frequently  is  disrupted  due  to 
the  educat ion/fora ation  of  the  condensation  shocks,  which  represent 
actually  sudden  heat  supply  in  certain  section  of  nozzle  and 
entailing  a change  in  the  temperature,  density,  pressure  and  gas 
velocity.  Thus,  for  instance,  at  the  outlet  velocity,  which 
corresponds  M=2,  the  temperature  of  air  descends  to  -1  13°C  (for 
T0  = 15°C),  in  this  case,  the  iapurity/admixtures  of  water  vapors, 
always  available  in  gas,  are  condensed  in  the  form  of  drops  of  liquid 
cr  small  pieces  of  ice. 

The  condensation  of  vapors,  as  is  shown  experiment,  occurs 
abruptly  it  leads  at  subsonic  speeds  to  an  increase  in  the  velocity, 
and  at  supersonic  speeds  - to  its  decrease.  The  position  of 
condensation  shock  in  nozzle  depends  on  relative  humidity.  With  an 
increase  in  the  relative  humidity  it  it  is  displaced  to  critical 
section.  Thus,  for  instance,  with  50o/o  of  relative  humidity  jump  is 
located  from  throat  at  a distance  of  two  critical  throat  diameters, 
and  with  25o/o  of  humidity,  - at  a distance  of  three  diameters.  On 
the  reasons  indicated  for  obtaining  the  qualitative  flow  on  output 
from  high-speed/velocity  ones,  it  is  necessary  to  decrease  the 
humidity  to  the  limits,  by  which  will  be  guaranteed  the  absence  of 
condensation  shocks  (approximately  for  numbers  ft$4-4.5). 
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T or  hypersonic  nozzles,  as  has  already  been  mentioned  earlier, 
for  the  purpose  of  the  prevention  of  the  liquefaction  of  the 
components  of  gas,  is  applied  the  intensive  preheating.  If  in  nozzle 
is  forned  normal  shock  wave,  then  is  the  pressure  recovery  factor 
after  the  normal  shock 


where  h - the  given  speed  before  the  jump. 


After  normal  shock  wave  the  speed  in  nozzle  is  subsonic.  This 
nozzle  divergent  section  of  nozzle  will  serve  as  exit  cone/diffuser 
with  the  recovery  factor,  equal  to  vt.  The  speed  at  the  end  of  the 
nozzle  can  be  determined,  using  the  expression 


Pressure  p0  at  the  end  of  the  nozzle  is  connected  with  pressure 
at  entrance  by  the  dependence 


p - Pt*iv« 


K 


The  account  of  the  build-up  of  boundary  layer  along  nozzle 
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liners  has  the  important  value  for  providing  the  uniformity  of  flow 
at  high  supersonic  and  hypersonic  speeds  of  discharge. 

Page  420. 

At  supersonic  speeds  it  is  necessary  depending  on  fori  and  length  of 
the  nozzle  of  speed  and  Re  number  additionally  to  increase  flow  areas 
after  throat.  As  shoved  experiment,  thus  is  provided  the  "nucleus"  of 
constant  velocity,  which  differs  little  in  intake  area. 

For  the  wind  tunnels  of  hypersonic  speeds  and  tha  low  density 
(see  § VII. 3)  the  build-up  of  boundary  layer  remains  so/such 
considerable,  that  the  useful  nucleus  of  uniform  flow  comprises  low 
portion  of  discharge  area.  Thus,  for  instance,  in  duct  with  numbers 
B^IO,  at  total  pressure  p0=1.25  atm(tech)  apd  Tn^3000aK  the  diameter 
cf  the  "nucleus"  of  conical  nozzle  (30°)  mill  prove  to  be  equal  to  25 
an,  with  exit  diameter,  - equal  to  148  am  and  =2. 59  an.  For 
obtaining  the  flow  core  of  similar  high  size/diaensions  in  ducts  it 
is  expedient  to  increase  the  size/diaensions  of  nozzle  exit  section. 
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